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Abstract 
Everywhere around the world, natural resources like crude oil are becoming less and harder to extract. 
It is therefore necessary to find alternatives to secure our future transportation in a sustainable way. 
This can be done e.g. through chemical conversion of lignocelluloses into bio-alcohol through syngas (H2 
and CO or CO2). Cars can already today use alcohol in their combustion engine and the existing 
infrastructure for fuel distribution can be used without modifications. But therefore we need better and 
more efficient catalysts to convert the syngas into the alcohol. The Catalysis for Sustainable Energy 
(CASE) initiative at the Technical University of Denmark (DTU) was founded to find solutions to some of 
these challenges, among them also new catalysts for the alcohol synthesis out of syngas. 
Two catalytical systems were identified to be active for the Methanol synthesis: CuNi and NiGa. Both 
were synthesized from Cu and Ni nitrate salts as well as Ni and Ga nitrates salts. Both systems got 
catalytically tested and investigated by in-situ X-Ray Diffraction (XRD) and Environmental Transmission 
Electron Microscopy (ETEM). It was possible to follow the synthesis of the catalysts and the reaction of 
the catalysts as they were happening and study crystal phase changes as well as chemical shifts because 
the instruments are capable of introducing gases around the sample while still maintaining their 
investigation properties. It could be shown, that NiGa forms Ni5Ga3 nanoparticles while CuNi forms a 
substitutional alloy. During the reaction and artificial ageing a deactivation of the NiGa due to a phase 
change could be observed. CuNi also changes the the oxidation state during the reaction. 
Furthermore the influence of the electron beam on the catalytic systems during exposure to gas 
atmosphere and temperature was investigated. CuNi was exposed to the electron beam for 3 different 
intensities and 3 different temperatures while the oxidation state of the Cu2+ was measured by energy 
electron loss spectroscopy. It turns out that the electron beam does have an influence but it does not 
seem to scale with the beam current density but foremost with the exposure time. The ETEM shows 
phase and chemical changes during the reaction 
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Dansk resume 
I hele verden bliver naturressourcer som råolie mindre og mindre tilgængelige. Vi er derfor nødt til at 
finde alternativer til at sikre brændstof til bl.a. transport i fremtiden på en bæredygtig måde. Initiativet 
’Catalysis for Sustainable Energy’ (CASE) ved Danmarks Tekniske Universitet (DTU) er iværksat til at finde 
bæredygtige alternativer til at generere og lagre energi. En mulighed er at transformere lignocellulose 
som er et affaldsprodukt fra landbrug til bioalkohol, som kan bruges allerede i dag som et alternativ til 
benzin i biler. Det gør man ved at gasificere lignocellulose ind i en syntesegas (H2 og CO eller CO2) og 
derefter reformere gassen til alkohol. Vi har dog brug for bedre katalysatorer til at konvertere 
syntesegassen til alkohol mere effektivt. 
To katalyse systemer er blevet identificeret som aktiv til den katalytiske konvertering: CuNi og NiGa. 
Begge er blevet syntesiseret fra Cu og Ni eller Ni og Ga nitrat salte. De er blevet undersøgt for deres 
katalytiske ydelse og krystalstrukturer under syntese fra nitrat salte i H2 atmosfære og under 
reaktionsbetingelser i syntese gas. Et ”Environmental Transmission Electron Microscope” (ETEM) er 
brugt til at undersøge katalysatorerne på et atomar niveau mens de er i en gas atmosfære i mikroskopet 
i op til 4,5 mbar tryk. Desuden bliver CuNi og NiGa undersøgt med in-situ XRD som giver informationer 
om krystalstrukturer i hele prøven. Med begge metoder er der fundet, at CuNi danner nanopartikler af 
en substitutionslegering af Cu og Ni. NiGa danner nanopartikler i en Ni5Ga3 legering. ETEM viser 
morfologiske ændringer i nanopartiklerne når de bliver udsat for H2 til syntetisering og H2 og CO2 når de 
bliver brugt i syntesegas. 
Derudover bliver det også undersøgt hvordan elektronstrålen i et ETEM påvirker prøven. Hvis man ser 
ændringer eller reducering i krystalstrukturen, skal de helst ikke være på grund af elektronstrålen. 
Derfor bliver CuNi udsat for tre forskellige intensiteter af elektronstrålen ved tre forskellige 
temperaturer, mens reduktionen af Cu2+ bliver målt. Elektronstrålens påvirkning er ikke entydigt 
afhængig af intensiteten, men derimod hvor længe prøven bliver udsat for elektronstrålen. 
PhD projektet er blevet finansieret af initiativet ’Catalysis for Sustainable Energy’ fra det Danske 
ministerium for forskning, innovation og videregående uddannelser. Center for elektronnanoskopi (Cen) 
er blevet finanseret af en donation fra A. P. Møller og Chastine McKinney Møller fonden. 
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Chapter 1: Introduction to methanol catalysis 
With decreasing oil reserves worldwide, the acquisition of sustainable energy sources become more and 
more needed (ASIF2007). There is currently no single method that can replace all the fossil fuel processes, 
so separate single approaches are needed. One is using methanol and higher alcohols in fuel cells or as a 
replacement for petrol in cars and combustion engines (OLAH ET AL.2006, MOMIRLAN ET AL.2002). The advantage of 
using alcohols is, that it is currently possible to mix alcohol into fuel and use the already existing 
infrastructure to distribute the fuel. It will therefore be very easy, fast and cheap to exchange the fossil 
fuels especially since a mixture of both is possible and a transformation can be done partly. There is no 
“either, or” of these fuels and fossil fuels, there can be both in a mixture. 
The easiest alcohol to produce is methanol (CH3OH), because it does not require formation of a carbon 
chain. Today methanol mainly gets synthesized from CO, CO2 and H2 through steam reforming from 
natural gas (BEHRENS ET AL.2012, HIGMAN ET AL.2008). This is, however, again a fossil fuel. Another sustainable 
route to create this syngas is through gasification of biomass. By using lignocelluloses like straw this 
does not compete with other uses of the food-crops like corn, which is mostly used to generate today’s 
biofuels. Lignocellulosis will utilize waste material better, leaving the main part of the plant useable and 
not taking up additional space to grow as a special biofuel plant like oilseed rape (Figure 1.1). 
 
Figure 1.1: Cartoon illustration for the attempt to exchange lignocelluloses based 
gasoline for fossil fuels (by courtesy of Sandra Myrtue Hansen). 
The commercially available state-of-the-art catalyst for the synthesis of methanol from syngas is 
Cu/ZnO/Al2O3 (GUPTA ET AL.2011). It already offers an efficient way of creating methanol but suffers from 
severe deactivation. In order to substantially replace at least parts of the gasoline with sustainable 
methanol it would require more than a hundredfold increase in production (OLAH2004). Therefore, 
methanol catalysts with greater activity and stability are needed. 
To develop new and better catalysts for sustainable energy, an interdisciplinary Catalysis for Sustainable 
Energy (CASE) initiative was formed at the Technical University of Denmark (DTU) that uses a design 
loop approach to develop these catalysts (CASE2012). This is illustrated in Figure 1.2. 
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Figure 1.2: Illustration of the design loop approach used to develop new catalysts for 
sustainable energies by the Catalysis for Sustainable Energy (CASE) 
initiative at the Technical University of Denmark (DTU) (CASE2012). 
The design loop means that a systematic approach is used to indentify, synthesize, characterize and test 
new catalysts. 
Density Functional Theory (DFT) is used to predict new catalytically active materials, which get 
synthesized in the laboratory, characterized with respect to their phases and tested in reactors for their 
catalytic performance. This work is part of the group that aims at creating better catalysts for the direct 
alcohol synthesis from syngas and it provides information about the characterization of the synthesized 
catalysts by using Transmission Electron Microscopy (TEM). 
The results of all these investigations are used to develop the catalyst further thereby creating a loop of 
investigation and information for the development of the catalysts. All the involved investigators utilize 
the results of the other partners for feedback and information to acquire better results in their own 
work. The DFT gets information if their predictions match the synthesized outcome, the synthesis can be 
much more selective only to aim at promising catalytic systems and the compositions therein and the 
planning of experiments to characterize the catalyst is much more efficient with prior information from 
catalytic testing, synthesis and DFT. 
1.1 Catalytic reactions 
Most of today’s chemical processes are catalytically driven (ERTL ET AL.2008). A catalyst enables to perform a 
reaction at much lower temperature and pressure than without it. The catalyst thereby ideally emerges 
from the reaction unchanged and being able to enable the next chemical reaction. These chemical 
processes get carried out in the reactors of chemical plants that reach several meters in size and are 
much larger than what can be used as a test facility in the lab. Temperatures typically reach a few 
hundred degree Celsius and the pressures used is in the order of 100bar. These conditions are not 
reachable for all test devices. Laboratory activity testing is usually performed in a fixed bed reactor that 
mimics the conditions or temperature and pressure well with the ones from the chemical plant 
(CHRISTENSEN ET AL.2009, CHRISTENSEN ET AL.2011). For the characterization with in situ X-Ray Diffraction (XRD) and 
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Environmental Transmission Electron Microscopy (ETEM), the pressure is limited to 1 bar in the XRD and 
a few mbar of pressure in the ETEM with a special environmental cell fit (see chapter 3 and HANSEN2010). 
The temperature can be kept by all the different characterization tools. The differences in the pressure 
will be addressed in chapter 3. 
1.1.1 The effect of using a catalyst for a chemical reaction and Density Functional Theory (DFT) 
Most of the benefits and limitations of a catalyst can be seen in Figure 1.3 (CHORKENDORFF AND 
NIEMANTSVERDRIET2003). An example of the CO oxidation to CO2 is used to show the different steps in the 
catalytic reaction. 
 
Figure1.3: Reaction steps of the CO oxidation with respect to their reaction energy 
demand. The reaction path with and without the use of a catalyst is given, 
showing that the catalytic path is split into several smaller steps of 
adsorption, reaction and desorption but has a much lower overall activation 
energy than the direct reaction. 
A catalyst generally lowers the activation energy needed to perform a chemical reaction. Instead of 
using the direct reaction path, the catalyst interacts with the reactants forming intermediate phases that 
split the reaction into smaller parts where each is energetically more favorable than the direct reaction. 
The catalytic reaction will therefore be much faster. As this is a heterogeneous catalytic reaction, the 
reactants adsorb on the catalysts surface. The reactants remain mobile enough to diffuse towards each 
other reacting on the surface into the product which then desorbs and diffuses away (CHORKENDORFF AND 
NIEMANTSVERDRIET2003). 
The binding energy between the catalyst and the reactants as well as the catalyst and the product is 
critical for the ability of a system to catalyze a given reaction. The reactants must be bound to the 
catalysts surface neither too weak nor too strong. If they are too weak, the adsorption rate would be too 
low to create enough reactive species under the catalytic reaction conditions (temperature and 
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pressure). If the binding of the reactants to the catalytic surface is too strong, the adsorbed reactants 
will not be mobile on the surface and even if the reactants form the product, it will be too strongly 
bound to leave the surface blocking the site for other reactants. This fact, however, can be used to 
identify and predict good candidates for a given catalytic reaction. Density Functional Theory (DFT) uses 
this to calculate the most favorable binding energies for all the reactants. This is a pure theoretical 
value. After that, real physical systems get tested by DFT for their surface binding energy at different 
crystal planes as these can be different to find the closest match to the theoretical optimum in binding 
energy (STUDT ET AL.2012). 
Within the project for the investigation of new alcohol catalysts within the CASE initiative two catalytic 
systems were investigated. Using DFT calculations several bimetallic alloys were tested for activity and 
selectivity. CuNi alloys with an excess of Cu were proposed to be active and selective for the methanol 
synthesis (STUDT ET AL.2012). Figure 1.4 shows a Volcano plot for the activity and selectivity for the methanol 
synthesis. 
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Figure 1.4: Volcano plot of the activity (a) ) and selectivity towards methanol (b) ) of Cu 
bimetal alloys calculated by Density Functional Theory (DFT). The turnover 
frequency is plotted as a function of carbon and oxygen binding energies. The 
red area indicated both most active and selective combinations. The assumed 
reaction conditions are 523 K, 45 bar H2, 45 bar CO and 10 bar methanol 
(Image taken from: STUDT ET AL.2012). 
In Figure 1.4, Cu3Ni is calculated to be very active and selective for methanol synthesis. The other 
highlighted alloy, CuZn, is a commercially available catalyst for methanol synthesis in the form of 
Cu/ZnO/Al2O3. This catalyst has however, still a relatively high deactivation and therefore a reduced 
lifetime (BEHRENS ET AL.2012, HIGMAN AND VAN DER BURGT2008). It loses one third of the activity after 1000h of 
operation (HANSEN ET AL.2008). The reaction also runs at a lot higher temperatures. 
Another system that was investigated empirically is NiGa. Both were catalytically tested, optimized for 
the support used and tested under reaction and rapid ageing conditions. 
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A catalyst, however, cannot enable a reaction that is thermodynamically not possible, where the 
product would be energetically higher than the reactants. The catalyst only influences on the kinetic 
level. It will also catalyze both the front and the back reaction (CHORKENDORFF AND NIEMANTSVERDRIET2003). 
1.1.2 Reaction pathways of the methanol synthesis from syngas 
Depending on which reactant gas mixtures are used there are different reaction pathways possible. 
From the gasification or the reformation of natural gas syngas mixtures of CO and H2 and CO2 and H2 can 
be created (STUDT ET AL.2012). For a syngas mixture of CO and H2: 
 CO ൅ 2Hଶ ՞ CHଷOH (1.1) 
For a mixture of CO2 and H2: 
 COଶ ൅ 3Hଶ ՞ CHଷOH ൅ HଶO (1.2) 
 COଶ ൅ Hଶ ՞ CO ൅ HଶO (1.3) 
The reaction listed in Equation 1.3 is the water gas shift reaction that can occur but is also unwanted. 
The commercially available Cu/ZnO/Al2O3 uses mainly CO but CO2 get additionally co-fed as it increases 
the activity. There are suggestions that CO2 is in fact the main source of carbon for the methanol 
formation (KAGAN ET AL.1976). 
Both the reactants and the product are in their gaseous phase during reaction. The systems investigated 
here in this work as well as the commercially available catalyst are therefore heterogeneous catalysts. 
The catalyst itself is and stays solid while the reactants and the products are gases. This means that the 
catalytic reactions take place on the surface of reactive sites consisting of metal nanoparticles on an 
oxide support material. Depending on the catalytic system this can be the entire surface or more 
exposed areas like steps or kinks which have less neighbor atoms and therefore a lower coordination 
number. These atoms are stronger exposed to the surrounding gas and bind gas atoms or molecules 
more easily because of their lower surface energy and because the gas molecules can reach closer 
proximity. 
1.1.3 The structure of the catalysts used in this work 
All the catalysts used in this work are based on metal nanoparticles on an oxide support (SHARAFUTDINOV ET 
AL.2012, WU ET AL.2012A). The support is used to disperse the catalyst. Many separate particles as reactive 
sites increase the surface to volume ratio and thereby the catalytic activity. For the catalytic reaction the 
support is a porous system of high surface area. This allows for higher dispersion of the active sites on a 
lower total volume and it also protects the active sites from deactivation due to sintering. The support 
itself does not possess catalytic activity. It can, however, change the activity and selectivity of the 
catalyst system as a whole. This is due to changes in the surface energy and due to the particle support 
interface. Figure 1.5 shows the dispersion of the reactive sites in the pores of the support and the gas 
diffusion. 
1. Introduction to methanol catalysis 
 
- 7 - 
 
Figure 1.5: Structure of the catalysts used in this work for the catalytic testing. The 
reactive sites are dispersed nanoparticles embedded in a porous support 
of high surface area. The reactant gas can enter through the pores, react at 
the reactive sites and the product gas can leave the sites through the pores 
again. 
The reactants can diffuse through the pores, react at the catalytic sites and the product gas can diffuse 
out of the pores again. For the TEM investigation, a modification to the support has been made from 
high surface area support to a membrane to reduce the influence of the support to electron diffraction 
and thereby imaging. The changes occurring with this are discussed in chapter 3. 
1.2 Catalyst characterization 
When characterizing a catalyst, one of the main questions is the performance for a given reaction. The 
activity of a catalyst is one of the main performance factors. 
The quality of a catalyst is not only measured by its activity. It is equally, if not more important to 
investigate the selectivity towards the desired product and the deactivation of the catalyst over the time 
of the reaction. 
The processes described here are selected for the application of heterogeneous solid catalysts that are 
working for gas reforming. There are more processes possible when having different liquid phases 
involved but these have no relevance here for this system. 
1.2.1 Activity, selectivity and Space Time Yield (STY) of the catalyst 
To measure a catalysts activity one has to look at the conversion and the yield. The conversion XCO or 
XCO2, depending on the reactant used, measures the amount of reactant that is transformed during the 
catalytic process. This is calculated from the molar flow rates in and out of the reactor (ܨ஼ை௜௡  and ܨ஼ை௢௨௧): 
 XCO ൌ FCO
౟౤ ିFCO౥౫౪
FCO౟౤
· 100% (1.4) 
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The equation is similar for XCO2.  
The conversion of the reactant gas alone is not enough to describe the quality of a catalyst. The 
selectivity is equally important if not even more. The selectivity Si describes what percentage of the 
reactant actually gets converted into the desired product(s). 
 S୧ ൌ ୬౟M౟∑ ୬౟M౟ · 100% (1.5) 
Mi is the molar fraction of component i and ni is the number of carbon atoms in the product. The 
selectivity here is therefore weighted with the number of carbon atoms in the products because the 
fraction is also molar weighted. A catalyst with a high conversion rate but a low selectivity can be 
useless as the not intended product has to be removed from the gasfeed as it is an impurity and can in 
worse cases even work as a poison for the desired catalytic reaction by occupying reactive sites and 
blocking them for desired reaction pathways. A selectivity of close to 100% is needed to be able to 
compete with the commercially available Cu/ZnO/Al2O3 catalyst. 
The specific activity of a catalyst towards a desired product can be measured by the yield. There are 
several ways to measure this activity. One is to multiply the conversion with the selectivity to determine 
a yield Yi. 
 Y୧ ൌ XCO · S୧/100% (1.6) 
This will give the percentage of reactant that is converted into the desired product and therefore a 
better quality measure. To determine the amount of product created per mass of catalyst, the Space 
Time Yield (STY) is calculated. In the case of methanol this is for STYMeOH: 
 STYMୣOH ൌ MM౛OH·FM౛OH୫ౙ౗౪  (1.7) 
MMeOH is the fraction of methanol in the product, FMeOH is the molar flow rate of methanol out of the 
reactor and mcat is the mass of the catalyst. This gives a closer measure of how high the conversion is 
towards methanol per time and per amount of the catalyst. Another important point is, however, for 
how long the rate of reaction can be kept up and how fast the catalyst deactivates. 
1.2.2 Deactivation of the catalyst 
In contrast to the ideal process in Figure 1.3, the catalyst also often suffers deactivation. After a catalytic 
reaction, the catalyst should be in the same condition as before. In reality this is not always the case. 
There are a number of unwanted reactions that can take place and that reduce the ability of the catalyst 
to perform the desired reaction again. This does not occur to all nanoparticles in the catalyst at the 
same time but it gradually deactivates the catalyst as a whole. The deactivation can happen over several 
mechanisms; mechanically, thermally and chemically (BARTHOLOMEW2001). 
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1.2.2.1 Mechanical deactivation 
Mechanical deactivation occurs through sintering and fouling. Sintering describes the fact that the 
catalyst nanoparticles grow during the reaction. Larger crystals mean lower surface to volume ratio and 
this leads to a lower catalytic activity (BAKER ET AL.1991). This effect is increased with higher temperature. 
There are two methods of sintering, coalescence and Ostwald ripening. Both are shown in Figure 1.6. 
 
Figure 1.6: The two ways of sintering: Coalescence and Ostwald ripening. In coalescence, 
two particles migrate towards each other and form one, larger particle while 
in Ostwald ripening, one particle grows at the cost of another hereby 
increasing one size while the other particles size is decreased until it 
vanishes. 
If coalescence happens, two particles migrate towards each other and form one, larger particle while in 
Ostwald ripening, one particle grows at the cost of another hereby increasing one size while the other 
particles size is decreased until it vanishes. In coalescence the particles stay the same size until they 
unite, while there is a constant material transfer in Ostwald ripening from one to the other particle. An 
example for sintering can be given by looking at a sample of CuSn. This system was proposed by DFT to 
be active for the catalytic conversion of CO2 and H2 into methanol and ethanol. During catalytic testing, 
however, the conversion was not satisfactory while the selectivity was as proposed towards alcohols. An 
investigation in the Environmental Transmission Electron Microscope (ETEM) showed that already 
during the activation of the catalyst in reducing atmosphere (1.2mbar H2 at 330°C) the catalyst 
undergoes sintering forming large CuSn crystals. Figure 1.7 shows two images of the identical area in a 
CuSn sample before and while being exposed to 1.2mbar H2 atmosphere and 330°C for 2 hours. The 
image was acquired with the objective aberration corrected FEI Titan ETEM 80-300 (described in chapter 
3) at 300kV acceleration voltage. 
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Figure 1.7: CuSn sample before and after being exposed to H2 atmosphere and 330°C for 
ca. 2h. The sample undergoes sintering and forms large crystals under 
reduction conditions during the activation. 
After being exposed to 1.2mbar H2 atmosphere and 330°C during activation several large crystals form 
that can range above 200nm in diameter. It has, however, not been investigated which sintering 
mechanism occurs here. 
The other mechanical deactivation, fouling, occurs when the pores in the catalysts support get blocked. 
This prevents the reactants to reach the catalyst and the product to get transported away effectively 
thereby reducing the catalyst activity (BUTT1988). A schematic drawing shows the mechanism in Figure 1.8 
in comparison to the unhindered system in Figure 1.5. 
 
Figure 1.8: Fouling of a catalyst. The porous support is being blocked by depositions, so 
the reactive nanoparticles are effectively shut off thereby reducing the active 
catalytic sites and the overall activity. 
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The blocked pathways in the porous support material effectively shut off some of the catalyst particles 
from the reaction gas, thereby reducing the number of active sites and the overall activity of the 
catalyst. Coverage of the reactive sites, especially when carbon deposition occurs, is also possible. 
1.2.2.2 Chemical deactivation 
Chemical deactivation of the catalyst often occurs due to poisoning. Parts of the reactant gas, the 
product gas or impurities can perform chemisorptions of the catalytic active sites and thereby blocking 
these for the actual desired catalytic process. Additionally they can also induce changes in the surface 
geometry and the surface potential (OUDAR1985, ROSTRUP-NIELSEN1991). Figure 1.9 shows an example for the 
sulfur poisoning of a metal catalyst for CO oxidation. 
 
Figure 1.9: Example of poisoning of a catalyst for the CO oxidation due to sulfur 
adsorption on a metal surface. In this case, the sulfur blocks parts of the 
metal surface so that the reactants cannot move around freely anymore. 
The sulfur blocks parts of the metal catalyst surface (M) so the reactants can no longer move around 
freely. This prevents the reaction to happen as the adsorbed O cannot diffuse close to CO to form CO2. 
The effect here is threefold. Adsorption sites are physically blocked by the sulfur atom, the surface 
potential of the metal atoms in closer proximity is altered making it unfavorable to adsorb atoms and 
limit surface diffusion which is needed for the reactants to interact. 
1.2.2.3 Thermal deactivation 
Both the mechanical and chemical deactivation is also governed by a higher temperature. Additionally 
there are also thermally induced phase changes; changes in the crystal structure. When looking at the 
phase diagram of alloyed metals, there are often several phases occurring depending on the 
concentration of the metals involved and on the temperature of the system. Due to a higher 
temperature and a higher pressure, high temperature phases of these systems can occur. Furthermore 
local fluctuations in the concentration due to preferred evaporation or migration of one of the alloyed 
metals can occur inducing changes in the crystal structure. 
1.2.2.4 Reactivation 
There are several ways to deal with the deactivation of the catalyst. The catalyst needs to be active for 
years. If it can hold sufficient activity over this time scale, it will just be changed periodically. If the 
deactivation is more severe, one can increase the amount of catalyst to compensate for the 
deactivation. Even if large parts of the catalyst are no longer active after a year, it does not harm the 
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chemical reaction if there is just enough active material left to perform enough catalytic reaction. If the 
deactivation is reversible, it might be possible to reactivate the catalyst by installing a reactivation cycle 
in the chemical plant that is run periodically to restore the catalyst and keep the catalytic reaction 
running. Both methods do require additional modifications in the chemical plant and therefore also 
induce additional costs. It is therefore crucial to minimize deactivation, so that the catalyst can survive 
over a few years. 
1.2.2.5 Measuring deactivation 
Deactivation processes in chemical plants typically occur over months and years. A test that would 
simply mimic these conditions would take equally long which is not feasible to do comprehensive 
studies of several new materials. Therefore the method of rapid ageing is used to accelerate this process 
and speed up possible deactivation mechanisms of the investigated catalytic systems. The method 
involves investigating the catalyst activity and selectivity during a set of special temperature cycles. The 
schematic experimental method of rapid ageing is described in Figure 1.10. 
 
Figure 1.10: Experimental procedure to carry out a rapid ageing experiment. Several 
cycles of catalytic testing at thermodynamically optimal reaction 
temperature and a rapid ageing step at higher temperature are followed 
by each other to accelerate deactivation of the catalyst. 
While there is often a thermodynamically optimal temperature for the desired reaction, rapid ageing 
uses cycles of elevated temperature in the same composition and pressure of reactants. The catalyst is 
first investigated with respect to the catalytic activity at thermodynamically optimal reaction 
temperature. After that the temperature is increased to overuse the catalyst and accelerate 
deactivation processes. At the end of this cycle, that takes only a few hours compared to several week 
1. Introduction to methanol catalysis 
 
- 13 - 
or months, the temperature is decreased again to the reaction temperature and checked for the 
catalytic activity in order to get comparable data that are free of influence due to variation in thermal 
dynamics. The cycle is repeated with a higher rapid ageing temperature than before, recording again the 
catalytic performance at reaction temperature. The rapid ageing temperature is usually kept under the 
synthesis temperature in order to avoid re-synthesis of the catalyst. Nevertheless great caution has to 
be taken when applying this method because one changes the thermal dynamics during the rapid ageing 
cycle. And there can be certain deactivation effects, especially like thermal induced phase changes, that 
have a threshold temperature above the reaction temperature and might not occur during the normal 
use of the catalyst at reaction temperatures, but might suddenly appear in the rapid ageing because the 
temperature was kept above that threshold. These issues will be addressed both in chapter 2 and 5 
when the laboratory tests as well as the XRD and ETEM experiments on the investigated systems are 
described. 
Generally, when characterizing a catalyst and investigating activity, selectivity and deactivation, it is not 
sufficient to only look at the catalytic testing. To determine the crystal structure methods like X-Ray 
Diffractography (XRD) for information about the sample as a whole and Transmission Electron 
Micrsocopy (TEM) for local crystallographic and chemical information are needed. Especially for 
catalysts it is, however, important to investigate the samples during the reaction they are supposed to 
carry out (DATYE2003). Therefore the work presented here focuses on in-situ methods in gas atmosphere 
especially those being carried out in the ETEM to study the catalysts closer to their working conditions. 
1.2.2.6 Deactivation of the commercial catalyst Cu/ZnO/Al2O3 
The major problem with the commercially available Cu/ZnO/Al2O3 catalyst is it’s severe deactivation. It 
deactivates via sintering and poisoning and looses more than one third of it’s activity during the first 
1000h of operation (SUN ET AL.1999, KUNG1992). For catalysts that shall last over years this means that either 
the amount of catalyst has to be large enough to leave enough active catalyst even after years or a 
reactivation cycle for the catalyst is needed. Both require a larger and more complicated design of the 
chemical plant. Either the reactor has to be larger or an additional gas-feed for the reactivation and 
several reactors to switch the reaction during operation is needed. All these increase the costs of this 
production cycle. In order to make sustainable biofuels competitive to fossil fuels and also to scale up 
the methanol production so it can substitute a substantial amount of the crude oil based fuels (OLAH2004), 
it is essential to develop catalysts with better stability. 
Two catalytic systems identified for this work are NiGa and CuNi alloyed catalysts both supported on 
SiO2. They will be introduced from the point of catalytic activity in chapter 2 while chapter 4 and chapter 
5 will describe the synthesis, deactivation and ageing of the catalysts. 
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Chapter 2: The two catalytic systems NiGa and CuNi 
The catalytic system CuNi was identified using Density Functional Theory (DFT) as described in chapter 1. 
Another system that was investigated empirically is NiGa. Both were catalytically tested, optimized for 
the support used and tested under reaction and rapid ageing conditions. These results are summarized 
in this chapter. 
2.1 Laboratory testing of the catalysts 
The important parameters to measure the quality of a catalyst is the activity, the selectivity and the 
sustainability during reaction. The Catalysts are prepared as supported nanoparticles. The support 
material is often oxides of light metals or semi-metals. It does not have a catalytic activity itself, but the 
support has, however also in influence on the catalytic performance. CuNi was investigated for several 
different support materials (SiO2, Carbon Nanotubes (CNTs), Al2O3, ZrO2 and TiO2). These experiments 
were performed by Qiongxiao Wu from DTU KT and published in WU ET AL.2012A. The samples were 
prepared by incipient wet impregnation. Cu and Ni nitrates (Cu(NO3)2·and Ni(NO3)2·) made by Sigma-
Aldrich were dissolved in de-ionized water This solution was used to impregnated pre made support 
pellets. Table 2.1 shows parameters of the support material used for the catalytic testing.  
Table 2.1: Parameter and supplier of the support material used for the catalytic testing. 
Support Pore volume 
ml/g (water/support) 
Surface area 
m2·g-1 
Supplier 
SiO2 1.28 250 Saint-Gobain Norpro 
ZrO2 0.46 134 Saint-Gobain Norpro 
TiO2 0.75 161 Saint-Gobain Norpro 
γ-Al2O3 0.80 166 Haldor Topsøe A/S 
CNT 1.31 328 Sigma-Aldrich 
 
The samples were aged at room temperature for 1h in air, thereafter dried at 100°C and calcined at 
400°C with a heating rate of 1.5°C/min and resting for 4h in total. The loading was 20wt.% and the Cu/Ni 
ratio was 1:1. Before testing, the samples were reduced in 1bar 2%H298%Ar at 350°C. 
The activity was measured with the percentage of CO conversion. This was tested in a fixed-bed 
continuous-flow reactor with an online gas chromatograph equipped with flame ionization and thermal 
conductivity detectors (6890N GC-FID/TCD from Agilent Technologies). The details for the reactor are 
given in CHRISTENSEN ET AL.2009 and CHRISTENSEN ET AL.2011. The pressure was 100bar, the temperature 
250°C. The results of these catalytic tests are shown in Figure 2.1. 
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Figure 2.1: Percentage of CO conversion for CuNi on different support materials. This is 
used to measure the general catalytic activity of the CuNi-support 
combination. 
From the CO conversion, the ZrO2 support is the most active catalyst, it converts with 16.7% double as 
much CO than CuNi on Al2O3. The CNT support as well as SiO2 are even lower and TiO2 has less than 10% 
of the activity of the ZrO2 support. But the activity is not the only determining factor. The selectivity was 
determined as well with a focus on whether the catalyst creates a high amount of alcohols, which is the 
desired product for this reaction process. The selectivity for CuNi on the different supports is shown in 
Figure 2.2. 
 
Figure 2.2: Selectivity of the catalytic conversion for CuNi on different support materials. 
The single fractions are given in percent. 
Figure 2.2 reveals that only CuNi supported on SiO2 and CNTs have a selectivity of close to 100% to 
methanol. The selectivity of ZnO2 is shifted to hydrocarbons and Dimethylether (DME), which is not 
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favorable. Al2O3 and TiO2 mainly produce only hydrocarbons and DME and are therefore not useful for 
this reaction pathway. Even the 18.2% hydrocarbons and DME in ZnO2 means, that almost a fifth of the 
reaction gas gets converted into products that are waste and need to be removed from the desired 
product or the reaction gas. That already limits the use of these supports. In order to determine the 
actual yield of the methanol the space time yield (STY) is measured. This is the amount of product 
created per amount of catalyst per time. A low STY means that either the activity is low or the 
conversion is not towards the desired product. Figure 2.3 shows the space time yield for CuNi on the 
different support materials. 
 
Figure 2.3: Space time yield (STY) of CuNi on different support materials. 
Figure 2.3 shows that CNTs are best performing support materials, but their production and application 
is complicated. The best is to insert the catalyst into the CNTs which requires several steps of chemical 
treatment involving etching the CNTs open that does not have a 100% success rate. Furthermore is the 
support more expensive and therefore the SiO2 support is of more commercial value. A detailed 
investigation of CuNi on CNTs and the other supports is available by WU ET AL.2012. A summary of the 
catalytic data is given in Table 2.2: 
Table 2.2: Catalytic data of the CuNi system for different support materials: 
Catalysts TOS1) GHSV2) XCO3) Carbon based, CO2-free selectivity [mol %] STYMethanol 
 [h] [h-1] [%] Methanol C2+OH Hydrocarbons DME kg kgcat-1 h-1
Cu-Ni/SiO2 20 2000 5.2 99.2 0.4 0.4 0.0 0.065
Cu-Ni/CNTs 55 7500 6.0 98.9 0.1 0.5 0.5 0.234 
Cu-Ni/Al2O3 20 2000 8.4 5.6 0.0 12.5 81.9 0.003 
Cu-Ni/ZrO2 57 2000 16.7 80.8 1.0 11.2 7.0 0.057
Cu-Ni/TiO2 10 2000 1.2 5.7 2.0 88.0 4.3 0.001 
1) TOS: time on stream. 2) Gas hourly space velocity. 3)CO conversion. 
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After finding the optimal support, another point of the analysis is to determine the ratio of Cu/Ni that 
maximizes the catalytic performance. Therefore samples were prepared and tested in the same way 
than for the activity test of the catalytic support but by varying the CuNi ratio in the nitrate solution. A 
combination of Cu2Ni was most effective, which is close to the DFT calculations which saw Cu3Ni as most 
active (Figure 1.4). Furthermore, the catalyst preparation method can be varied by removing the 
calcination step. This has proven to be less effective (WU ET AL.2012). In contrast to the commercial catalyst 
Cu/ZnO cofeeding the H2 and CO syngas with CO2 to increase the activity and selectivity (HERMAN1991) has 
in fact a negative effect for CuNi. 
When CuNi is exposed to a higher temperature than the one used for the commercial methanol catalyst 
at 250°C, it is not experiencing any loss in activity or selectivity. In fact, Figure 2.4 that the attempt to 
use CuNi at a higher temperature of 300°C in order to induce a rapid ageing cycle increases both the 
activity and selectivity of the catalyst. 
 
Figure 2.4: CO conversion and methanol selectivity during time on stream for CuNi/SiO2. 
The reaction was run at 100bar pressure, 250-300°C temperature, and a 
syngas ratio of H2/CO=1 (image taken from: WU ET AL.2012). 
This leads to the fact that the reaction temperature could be increased. it also means, that there are no 
temperature thresholds in that range that induce sudden changes and that the rapid ageing cycles 
therefore are useable for this system. This will be discussed in more detail in chapter 5. 
For the NiGa system, several catalytic tests have been carried out as well. The samples were prepared in 
a similar way than for the CuNi by incipient wet impregnation of Ni and Ga nitrate salts and drying at 
100°C in air. The reduction step, however, was done at a higher temperature of 700°C. In contrast to 
CuNi, the NiGa system is very sensitive to the Ni/Ga ratio. Figure 2.5 shows the methanol yield for 
samples with different ratio of Ni/Ga and for different reaction temperatures. For comparison, the 
commercial Cu/ZnO/Al2O3 catalyst was tested with the same setup. This work was done by Irek 
Sharafutdinov from DTU Fysik.  
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Figure 2.5: Methanol yield for different ratios of Ni/Ga in a temperature range of 160°C 
to 270°C in reaction temperature. For comparison, the data on the 
commercial Cu/ZnO/Al2O3 catalyst is plotted as well. The gas pressure was 
all the time 1bar at a flow of 40Nml/min and 25%CO2 and 75%H2 
atmosphere. 
Only the Ni5Ga3 sample posses similar catalytic activity than the commercial Cu/ZnO/Al2O3 catalyst. Both 
the samples with a Ni/Ga ratio of 1 and 3 are significantly lower in activity over the whole temperature 
range. It also shows that the curve for the reaction over temperature and the optimal temperature for 
the commercial catalyst and the Ni5Ga3 sample are similar as well. This indicates that these samples 
form different phases with different catalytic activity. This is also visible for the selectivity of these 
systems. Figure 2.6 shows the selectivity with respect to the reaction temperature for 3 different Ni/Ga 
ratios and the commercial Cu/ZnO/Al2O3 catalyst for comparison. 
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Figure 2.6: Methanol selectivity for different ratios of Ni/Ga in a temperature range of 
160°C to 250°C in reaction temperature. For comparison, the data on the 
commercial Cu/ZnO/Al2O3 catalyst is plotted as well. The gas pressure was 
all the time 1bar at a flow of 40Nml/min and 25%CO2 and 75%H2 
atmosphere. 
For the selectivity the different compositions of NiGa are closer together with the exemption of Ni3Ga, 
which additionally to a poor methanol activity also possesses a poor selectivity. While the commercial 
Cu/ZrO/Al2O3 catalyst can maintain its methanol selectivity close to 100% over the whole investigated 
temperature range, both Ni5Ga3/SiO2 and NiGa/SiO2 loose about 10% of their selectivity for reaction 
temperatures higher than 200°C. A more strict temperature control is therefore needed fort this 
catalyst. NiGa, however, can maintain its selectivity over a wider temperature range only loosing 10% at 
about 260°C. 
The reduction temperature at which the NiGa samples are synthesized is critical for the activity as well. 
Figure 2.7 shows the methanol yield for Ni5Ga3 and NiGa after being reduced at 500°C and 700°C over a 
reaction temperature range of 150°C to 275°C in 25%CO2 and 75%H2 at 1bar pressure and a flow of 
40Nml/min. 
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Figure 2.7: Methanol yield for NiGa and Ni5Ga3 at different reduction temperatures of 
500°C and 700°C in a reaction temperature range from 150°C to 275°C. The 
gas pressure was all the time 5bar at a flow of 40Nml/min and 25%CO2 and 
75%H2 atmosphere. 
When being reduced at a higher temperature, the maximum yield of methanol generally shift to higher 
reaction temperatures, however, the maximum reachable yield does not change significantly for Ni5Ga3. 
For NiGa, it seems that the higher reduction temperature rather has a negative effect. 
With the poor activity of the other NiGa compositions, only Ni5Ga3/SiO2 is investigated further for the 
methanol synthesis. 
The catalytic activity is in general also dependent on the pressure of the reactive gas (CHORKENDORFF AND 
NIEMANTSVERDRIET2007). In Figure 2.8, this is shown for the Ni5Ga3/SiO2 sample at a pressure of 1bar and 
5bar of 25%CO2 and 75%H2 over a reaction temperature range from 160°C to 260°C. 
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Figure 2.8: Methanol yield for Ni5Ga3/SiO2 at different reaction gas pressures in a 
reaction temperature range of 160°C to 260°C. The gas composition was 
25% CO2 and 75%H2. 
When increasing the gas pressure from 1bar to 5bar, the methanol yield approximately doubles. The 
temperature for maximum yield also shifts significantly towards higher temperatures. Up to 
approximately 200°C the yield is similar for both gas pressures. The problem here is, that Ni5Ga3/SiO2 
looses about 10% of selectivity when increasing the reaction temperature from 200°C to 230°C. This is 
not favorable because it creates to many unwanted byproducts. It is therefore better to keep the 
pressure lower which also reduced the running costs in a chemical plant. 
In order to combine materials that are catalytically active for the methanol synthesis also shown by DFT, 
3 metal samples of Ni2GaCu and Ni2GaZn were prepared by incipient wetness impregnation similar to 
the other NiGa samples. Catalytic activity testing shown in Figure 2.9 revealed a lower activity than for 
the Ni5Ga3/SiO2 samples in all cases (compare Figure 2.8). 
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Figure 2.9: Methanol yield for NiGaCu and NiGaZn both at 1 and at 5 bar reaction gas 
pressure. The gas composition was 25% CO2 and 75% H2. 
The samples were tested both at 1bar and 5bar pressure at a gas composition of 25% CO2 and 75%H2. 
The activity for the methanol synthesis is again higher for 5bar of pressure but comparable for both 
systems NiGaCu and NiGaZn. the maximum yield is, however, in both cases not higher than the ones for 
Ni5Ga3/SiO2. 
For the NiGa system, it is already from the temperature dependent activity data in Figures 2.5 to 2.9 
visible that there is an optimal reaction temperature depending on the gas pressure, the reduction 
temperature and the ratio of Ni/Ga. This shows that there is already some low temperature 
deactivation. Rapid ageing cycles were also carried out on this system with 8h lasting temperature steps 
of 300°C to 450°C in 50°C steps. The activity for the methanol production was measured in between 
these cycles at 200°C. The gas pressure was all the time 1bar at a flow of 40Nml/min and 25%CO2 and 
75%H2 atmosphere. Figure 2.10 shows the activity evolution during the rapid ageing. For comparison, 
the data on the commercial Cu/ZnO/Al2O3 catalyst is plotted as well. 
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Figure 2.10: Methanol yield of the most active NiGa catalyst, Ni5Ga3 during a rapid ageing 
cycle. The reaction temperature was increased from 300°C to 450°C in 
50°C steps and each step was kept for 8h. The activity data was taken in 
between the steps at 200°C. The gas pressure was all the time 1bar at a 
flow of 40Nml/min and 25%CO2 and 75%H2 atmosphere. For 
comparison, the data on the commercial Cu/ZnO/Al2O3 catalyst is plotted 
as well. 
Comparing the performance of Ni5Ga3 between the steps of rapid ageing there is a drop in activity for 
each new rapid ageing step visible. The first step, however, at a reaction temperature of 300°C already 
takes away nearly the complete activity. The shape of the curve is generally the same compared to the 
commercial Cu/ZnO/Al2O3 catalyst but the drop in activity is much more severe for Ni5Ga3. This indicates 
that there is a phase change happening already fairly close to the reaction temperature of around 200°C. 
If this is the case, the rapid ageing method only reveals comparable results to a long term ageing test if 
these changes due not just occur because a temperature threshold is passed. Since there is already a 
low temperature deactivation happening this does not need to be the case but in-situ XRD and ETEM 
experiments are needed to reveal the nature of these changes. This is described in chapter 5. 
2.2 Crystallographic systems 
Both Cu and Ni form face-centered cubic (fcc) crystals and are with a proton number of 28 for Ni and 29 
for Cu directly adjacent to each other in the periodic table of elements (Figure 2.11). The crystal size is 
with 3.615Å for Cu and 3.5238Å for Ni (JETTE AND Foote1935). 
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Figure 2.11: Periodic table of the elements. Cu and Ni are marked with their proton 
numbers. (Image taken from: http://elementsdatabase.com). 
The phase diagram in Figure 2.12 shows that a CuNi alloy will almost at all times form an intermixing 
structure that is again an fcc crystal (KANTOLA AND TOKOLA1967). The optimal catalytic performance is 
reached with a Cu/Ni ratio of 2:1. Above 250°C, this will be the intermixing structure. 
 
Figure 2.12: Phase diagram for CuNi at different Cu/Ni ratio. The Cu/Ni ratio with 
maximum catalytic performance is marked as well (Figure taken from: 
BRANDES AND BROCK1998). 
The crystal size will be according to Vegards law (VEGARD1921) between the crystal sizes of Cu and Ni 
depending on the Cu/Ni ratio in the crystal. With that, also the peak positions in the diffraction spectra, 
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both for X-ray diffraction and electron diffraction are at any position between the ones of Cu and Ni 
because they derive from Braggs law that is dependent on the crystal parameter. 
Figure 2.13 shows the peak positions of CuNi and various oxides with their relative intensity for x-ray 
scattering with the Cu Kα-line (For peak positions and references, see appendix A). 
 
Figure 2.13: Peak positions and relative intensity for in x-ray diffraction with the Cu Kα-
line for CuNi, CuO, NiO, CuNiO and Cu2O.  
A distinction between Cu, Ni and a CuNi alloy will most likely not be resolveable with diffraction 
methods. At least not in the TEM (se chapter 3). The crystal structures of the oxides are, however, 
significantly different and also distinguishable with diffraction methods. 
NiGa forms several different crystal phases depending on the Ni/Ga ratio. Figure 2.14 shows the phase 
diagram for the binary system Ni and Ga. 
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Figure 2.14: Phase diagram for the NiGa system. The three different compositions used 
in the catalytic activity measurement in Figure 2.6 are marked. The α, β 
and δ phase have the same composition than the stochiometric Ni/Ga ratio 
(image taken from: OKAMOTO2010) 
for NiGa, Ni5Ga3 and Ni3Ga in  temperature ranges under 700°C the expected crystal phase are the same 
as the Ni/Ga ratio indicates. The α-phase is Ni3Ga, the δ-phase is NiGa and the β-phase is Ni5Ga3. The 
existence of 3 different crystal phases also fits with the observation that the catalytic activity is clearly 
different for the three compositions. 
The Ni5Ga3 phase is orthorhombic while the Ni3Ga and the NiGa phases are cubic. A 3D model of the 
Ni5Ga3 phase and the Ni3Ga phase is shown in Figure 2.15. 
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Figure 2.15: 3D model of the orthorhombic Ni5Ga3 phase (a) ) and the Ni3Ga phase (b) ). 
The positions for Ga are marked red and the ones for Ni are marked light 
grey. The models were created with CrystalMaker (CrystalMaker Software 
Ltd.). 
The different crystal phases still share some axes of same length. Nevertheless there are some peaks, 
which appear unique in the diffraction patterns. Figure 2.16 shows the peak positions of Ni5Ga3, Ni3Ga, 
NiGa, metallic Ni and NiO with their relative intensity for x-ray diffraction with the Cu Kα-line (For peak 
positions and references, see appendix B). 
 
Figure 2.16: Peak positions and relative intensity for in x-ray diffraction with the Cu Kα-
line for Ni, NiGa, Ni5Ga3, Ni3Ga and NiO.  
The catalytically most active phase Ni5Ga3 has two distinct peaks at ca. 0.52Å
-1 and ca. 0.60Å-1. 
This should make an identification by diffraction methods possible. 
Catalytic activity testing enables to identify the best catalyst support combination, the best ratio of 
Cu/Ni and Ni/Ga and investigate the deactivation of both systems. Ni5Ga3/SiO2 and Cu2Ni/SiO2 were 
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determined to be most feasible, however the combination of both systems did not reveal any 
improvement. For the detailed analysis of the phases that form the catalyst nanoparticles, XRD 
spectroscopy for integral but TEM is needed for local information. This is discussed in the following 
chapters. 
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Chapter 3: Experimental methods 
This chapter describes the experimental methods used in this work to investigate the catalysts. In 
chapter 2, the catalytic properties investigated in laboratory testing close to industrial conditions have 
been described. In this work, the catalytic properties will be related to structural ones in chapter 4 and 
5. To obtain structural information Transmission Electron Microscopy (TEM) and X-Ray Diffraction (XRD) 
was used. Especially when studying catalysts it is important to see how the structure evolves while the 
synthesis and the catalytic reaction is ongoing instead of studying samples before the reaction and post-
mortem as the catalyst might change state under reaction conditions. Therefore, in-situ methods have 
been applied both to XRD and TEM to study the catalysts closer to working conditions. Both systems are 
able to operate in gas atmosphere at elevated temperatures. For the TEM, this is called Environmental 
Transmission Electron Microscopy (ETEM) which is the main focus of this work. Introducing gases 
around the sample and heating it up will also raise some issues regarding resolution and experimental 
design. This will be addressed later in the chapter as well. 
3.1 XRD and in-situ XRD 
X-ray diffraction is used to obtain integral information about the crystalline phases that are present in 
the sample. Bragg’s law (3.1) shows that for a given incident wavelength of x-rays certain peaks will be 
reflected at predefined angles corresponding to the lattice constant of the crystal (HAMMOND2009). 
 2 · ݀ · sinሺߠሻ ൌ ݊ · ߣ, (3.1) 
where d is the lattice parameter, θ is the diffraction angle and nߣ are multiples of the wavelength of the 
incident x-rays. With this knowledge and the fact that the entering angle is equal to the exiting angle a 
symmetric setup of x-ray source and detector shown in Figure 3.1 is used to measure the intensity over 
the 2θ values. In single crystal samples this will show up as sharp peaks. 
 
Figure 3.1: Schematic drawing of a x-ray diffractometer similar to the one used in this 
work. 
A PANalytical X’Pert PRO x-ray diffractometer in the Center for Electron Nanoscopy (Cen) at the 
Technical University of Denmark (DTU) was used to obtain diffraction patterns of the CuNi and NiGa 
specimens. To obtain diffraction patterns during the synthesis and the reaction of the catalysts the 
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system is equipped with an Anton Paar XRK 900 in-situ cell and a gas flow control system. The in-situ cell 
can withstand pressures up to 3bar and can be heated up to 900°C (WU ET AL.2012). This is enough to carry 
out diffraction experiments at the same pressure and temperature as both catalysts were reduced, 
however, it is still lower pressure than during reaction conditions at 100bar for the CuNi system. 
Figure 3.2 shows examples of diffraction patterns acquired by XRD. 
 
Figure 3.2: Example of diffraction patterns acquired by XRD (image taken from: 
CHRISTENSEN ET AL. 2012). 
From the diffraction pattern it is also possible to calculate an average crystal size for crystals smaller 
than 100-200nm. This is due to the fact that the small crystals induce a broadening of the peaks because 
the assumption of an infinite crystal with periodic boundary conditions becomes less and less valid. The 
sharp peaks become convoluted with a fourier transformed sgn function which causes a broadening of 
the peaks. The crystal size out of this spread can be calculated through the Scherrer equation 
(SCHERRER1918).  
 ∆ሺ2ߠሻ ൌ ௄·ఒ௅·ୡ୭ୱ ఏబ, (3.2) 
where ∆ሺ2ߠሻ is the Full Width at Half Maximum (FWHM) of the peak at θ0 in radians, K is the Scherrer 
form factor, which is usually close to 1, L is the crystal size perpendicular to the incident beam and the 
value of the peak investigated and ߣ is the wavelength of the incident x-rays. Above the mentioned 
crystal size of 100-200nm the peaks are very sharp, but due to instrument broadening the Scherrer 
equation cannot be used as it is no longer the main broadening effect of the peaks. In contrast to the 
investigation by TEM this does not give a particle size distribution. It does, however, average over all the 
crystals in the sample while in TEM each crystal has to be measured separately. 
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3.2 Transmission Electron Microscopy (TEM) 
The Transmission Electron Microscope is a tool to investigate and characterize specimens down to the 
atomic level but on a local area with a field of view of a few 100nm to a few µm. This makes it an 
interesting complementary method to XRD which is an integral method and averaging over the whole 
sample area. This section gives a short introduction to the TEM technique. Only techniques used in this 
work are described but TEM offers a lot more variety of possibilities for various samples. Further reading 
can be done at WIILAMS AND CARTER2009 for a broad coverage of TEM, EGERTON for Energy Electron Loss 
Spectroscopy (EELS) and HAMMOND2009, CHAPTER 10 for diffraction in the TEM. In-situ methods and ETEM are 
covered in section 3.3. 
3.2.1 Imaging and sample restrictions 
The image in a TEM is formed by electron scattering. Electrons get accelerated to high energy up to 
300keV, get focused on a specimen, scatter mostly elastically with the sample and the scattered beam 
gets magnified and sent to a screen or a CCD camera to record the images. The TEM thereby offers 
imaging in the real and the reciprocal space to record diffraction pattern. This is done by magnetic a 
system of magnetic lenses shown in Figure 3.3. 
 
Figure 3.3: Schematic setup of the magnetic lenses inside a TEM in real image and 
diffraction mode. 
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The electrons get ejected from a field emission gun at the top of the microscope via extraction voltage 
enhanced tunneling effect. The electrons are accelerated to kinetic energies of 80-300keV by an anode 
and are projected onto the sample. The condenser in the FEI Titan 80-300 ETEM used in this work 
consists of a 3 condenser lens system allowing for parallel illumination over a wide range of beam 
spread. A monochromator is also present but the system was not used as it decreases the beam current 
and imaging does not benefit that greatly from monochromation, much less than from a higher beam 
current. After the electron beam interacts with the specimen the system can be switches between real 
image and diffraction mode allowing for direct observation of the crystallography in Diffraction mode 
and high resolution as well as the morphology of the catalysts. Both imaging modes are just the 
projections of two different planes onto the viewing screen or the CCD camera. The contrast in both 
images is obtained because some of the electrons are scattering with the specimen. The thicker the 
sample and the heavier the atoms, the stronger will be the scattering. Those areas will therefore appear 
darker in the bright field image because some of the electrons have been scattered away. One can 
introduce objective apertures into the TEM around the unscattered beam in the diffraction plane to 
enhance the contrast in the bright field image. In order to explain why atomic resolution can be 
achieved in high resolution TEM one has to consider phase contrast imaging. When the electron beam 
travels through the specimen the scattered electrons suffer a phase shift in their wave function. Without 
an objective aperture these scattered and unscattered electrons interfere with each other forming e.g. 
the high resolution TEM image. Figure 3.4 shows an example of a bright field image (a) ) and a 
diffraction pattern (b) ). 
 
Figure 3.4: Example of a bright field image (a) ) and a diffraction pattern (b) ) acquired 
with a transmission electron microscope. 
In order to obtain electron microscopy images, some requirements have to be made to the sample. 
First, the sample has to be electron transparent because the electrons have to transmit through the 
sample in order to be used for forming the image. The electron transparency is dependent on the 
elements present in the sample, heavier atoms scatter more, but mainly on the thickness of the sample. 
Generally, a thickness of less than 100nm is needed to obtain transmission electron microscopy images. 
One has to keep in mind that this is the total thickness, so if the sample that shall be investigated is 
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applied on some support this has to be taken into account as well. For the investigation of catalytic 
nanoparticles, a wider dispersion, so that the particles do not lay on top of each other is prefered as well 
to investigate single particles separately. The total size of the sample is limited by the holder which is for 
FEI instruments usually circular specimens of 3mm diameter. 
In order to resolve the catalytic nanoparticles best a high magnification and an electron beam with as 
little as possible phase changes due to the electron microscope is needed. Therefore the ETEM is 
equipped with an aberration corrector. 
3.2.2 Aberration correction 
In contrast to optical lenses, magnetic lenses in the TEM suffer from greater imperfections. The De-
Broglie wavelength of an electron at a kinetic energy of 300keV is in the order of pm. If one estimates a 
Rayleigh criterion (HECHT2009) one would assume that the resolution also lays in the order of pm. In fact 
the resolution in an Electron microscope is only at the Å level. Especially the spherical aberration limits 
the resolution. With the development of the spherical aberration corrector in 1997 by Haider, Rose and 
Urban (HAIDER ET AL.1998) there has been a great improvement in the resolution. Sub Å resolution is now 
achievable in commercially available instruments. The FEI Titan 80-300 ETEM has a maximum resolution 
of 0.7Å. The correction is done through a set of hexapole and octopole magnetic lenses that correct the 
electron beam according to the spherical aberration caused by the other microscope lenses. In general 
the spherical aberration can be corrected both for the probe forming lens system and for the image 
forming lens system. The prior results in a very fine probe that is especially useful for Scanning 
Transmission Electron Microscopy (STEM) applications. A microscope equipped with such a corrector is 
therefore also called probe corrected. The latter corrects the electron beam after it interacted with the 
sample to form the image. This is useful for HRTEM applications in bright field mode because it increases 
the final image quality. Such microscopes are called image corrected. The FEI Titan ETEM is an image 
corrected microscope. The analysis of a Fourier transformation of an amorphous (carbon) film is 
required to tune the corrector accordingly. This is done in a regular software assisted tuning routine. 
3.2.3 Energy Electron Loss Spectroscopy (EELS) 
In addition to the diffraction based imaging techniques, which both the diffraction patterns and the 
bright field/HRTEM are, the TEM offers spectroscopic investigation methods. Energy Electron Loss 
Spectroscopy (EELS) uses the inelastically scattered electrons to obtain spectroscopic information. When 
electrons scatter inelastically, they lose energy because the scatter with the shell electrons of an atom in 
the sample. These shell electrons only take up discrete amounts of energy according to the shell 
occupation in the particular atom. The energy-loss the incoming electrons suffer is therefore 
characteristic for the element. Measuring this Energy loss enables to determine the chemical 
composition of the illuminated area, since the parallel beam can be confined to a few nm even in bright 
field mode. This is a very local method of measuring the chemical composition. The measurement is 
done using either an in-column energy filter or a post column energy filter. The FEI Titan 80-300 ETEM is 
equipped with a Gatan Tridium post-column Imaging filter shown schematically in Figure 3.5. 
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Figure 3.5: Schematic description of a Gatan post-column imaging filter. The incident 
beam is chromatically split up through a bending magnet and the either 
analyzed as a whole in EELS or for a single channel as EFTEM. Image 
obtained from http://www-
hrem.msm.cam.ac.uk/research/EFTEM/EFTEM.html 
The incident electron beam is sent through a bending magnet that splits up the electron beam 
chromatically. Most of the electrons do not suffer any energy loss, because they do not hit the specimen 
and only travel through vacuum, so the so called zero-loss-peak is usually the most intense. The intensity 
decreases approximately with a powerlaw. Several core-loss edges are present according to the 
elements present in the sample. One divides usually between the low-loss and the core-loss region. For 
a better energy resolution, only a smaller part of the energy spectrum is recorded. Cu, Ni and Ga have 
core loss edges close to each other from 855eV(Ni) to 1110eV (Ga) without complete overlap while 
characteristic edges of Si, O and Au from the TEM grid lay far away from this region either a lot lower for 
the lighter elements or a lot higher in energy loss for Au. The Ni, Cu and Ga edges are therefore suitable 
for the EELS investigation. 
3.3 In-situ and Environmental Transmission Electron Microscopy (ETEM) 
Generally, transmission electron microscopy is operated in high vacuum conditions. It is, however, 
important to investigate samples as e.g. catalysts during reaction conditions in gas and at elevated 
temperatures to study changes in the catalyst while being exposed to the reaction conditions. Even  
though catalysts are meant to return to an initial state after reaction (Figure1.2), it is not clear what 
state the catalyst is in during the reaction when only investigating a post mortem catalyst after the 
actual reaction has taken place. Oxidation state, crystal phase and several other characteristics Cn be 
different when the catalyst is exposed to reaction conditions, so the desired information would not be 
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revealed by just looking at a catalyst before and after the reaction (CAMPBELL2001). There are two different 
design approaches to investigate samples in a gas atmosphere. One is to add gas diffusion limiting 
apertures into the TEM proposed by Ernst Ruska in 1942 (RUSKA1942), keeping the electron beam free and 
without any windows. The other one is to encapsulate the gas atmosphere around the holder, leaving 
the TEM otherwise unchanged. This holder was suggested by Hashimoto and co-workers (HASHIMOTO1968) 
also as a differential pumping system but later developed into a holder with electron transparent 
windows that confine the gas in the holder around the sample (CREEMER ET AL.2008, DE JONGE ET AL.2010). The 
advantage of the windowless design is that the electron beam does not interfere with the windows in 
the holder but the downside is the lower pressure that can be applied. Windowed holder designs can 
cope with ambient or even slightly higher pressure. Both systems can be heated through the specimen 
holder. As high resolution is needed to distinguish the phases within CuNi and NiGa alloys, The approach 
of a windowless design is used in this work. 
The FEI 80-300 ETEM used in this work is equipped with an E-cell. It allows keeping a higher pressure of 
up to 20mbar around the sample. This is done through a differential pumping system inside the 
microscope shown in Figure 3.6. Additional information can be found in HANSEN ET AL.2010. The important 
point is to maintain ultra high vacuum around the field emission gun where it is needed and confine the 
gas otherwise as much as possible around the sample without putting anything directly into the electron 
beam path. The high vacuum is normally maintained by Ion getter pumps (IGPs). These pumps reach 
high vacuum pressure, but the amount of gas molecules they can pump is limited. Therefore, Turbo 
molecular pumps (TMPs) are used to maintain to maintain a gas flow and a low pressure in the ETEM 
even though this pressure is higher than with IGPs. Without external gasfeed, the pressure in the ETEM 
in TMP-mode will be in the order of 10-4mbar while it can reach 10-7mbar in IGP mode without 
additional cooling. A liquid nitrogen (LN2) cold trap, normally used in high vacuum electron microscopy 
will not be applied when using gases in the ETEM because the LN2 also traps the gas molecules that are 
intended to react with the catalyst and therefore limit the gasflow. 
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Figure 3.6: Differential pumping system in the FEI ETEM. Image taken from HANSEN ET 
AL.2010. 
The TEM is equipped with additional apertures (1) which limit the gas diffusion out of the sample 
chamber. Right above and below these apertures are pumping channels (2) towards a turbo molecular 
pump (TMP). Again further away from the sample chamber above and below the pumping channels 
there is another set of pressure limiting apertures (3). Directly in the chamber around the sample there 
is the gas inlet (4),where the desired mixture of gas is applied. A direct line towards a TMP (5) is located 
in the sample chamber for a fast pump out or lower pressure measurements in a higher flow. The C1, C2 
and C3 apertures of the TEM condenser system (6) are working as pressure limiting apertures as well. 
The design is completely windowless, so the electron beam does suffer additional scattering. The gas in 
the ETEM, however, will scatter the electron beam. This additional scattering will limit the resolution 
because it overlays with the scattering from the sample causing the image to get blurred and also 
reduce the amount of electrons that reach the CCD camera and can get utilized to create the image or 
the electron energy loss spectrum. A quantitative study of the effect of gases on the resolution and 
intensity in the ETEM was done by Hansen et al. (HANSEN ET AL.2012). They show that there is a loss in 
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resolution and intensity due to the gas introduced around the sample which is dependent on the 
pressure and size of the molecules. Heavier molecules scatter stronger. Figure 3.7 shows the effect of 
Ar, with an atomic number of 18, which is in between the atomic numbers of CO and CO2 that are 14 
and 22. Ar is therefore a good representation for what it is happening when introducing gas into the 
octagon around the sample. 
 
Figure 3.7: Impact on the resolution when introducing gas into the ETEM. The top left 
shows a Fast-Fourier Transformation (FFT) of an image of an amorphous 
carbon film out of focus in vacuum and on the top right at 17mbar argon gas. 
From the FFTs, the radial intensity has been extracted (bottom). 
Additionally a simulation of the ideal vacuum situation made using 
CTFExplorer is plotted on the very bottom. Images are taken from HANSEN ET 
AL.2012 
Two Fast-Fourier Transformations (FFT) of an amorphous carbon film out of focus are plotted in Figure 
3.7. One in high vacuum and one in 17mbar of Ar gas in the sample chamber. From these FFTs radial 
intensity profile plots have been extracted for high vacuum, 3.3mbar, 11.4mbar as well as 17.0mbar of 
Ar gas applied around sample. Additionally a simulation of the ideal vacuum situation is plotted on the 
bottom image which was made using CTFExplorer. The image shows that the signal gets reduced 
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especially for higher spatial frequencies and therefore smaller structures. But for pressures below 
3.3mbar the signal is still preserved without strong interference from the gas. Experiments id CO and 
CO2 should therefore be kept at this pressure level. 
There is a set of gases that can be introduced around the sample by computer controlled mass flow 
controllers (Beckhoff) among them H2 and CO. CO2 was mounted additionally to the gas feed line and 
controlled manually. The maximum pressure used in the experiments carried out in this work was 
4.5mbar. 
Through special TEM sample holders, heat can be applied to the sample via a current through a filament 
in the mounting pod for the sample. The temperature is measured with a thermocouple. The thermal 
energy has to be transferred from the holder, to the grid, further to the support and finally to the metal 
nanoparticles. These interfaces can cause that the temperature is in total lower than the temperature 
measured at the holder and that the equilibrium temperature for a certain current through the filament 
is reached later than the temperature measurement indicates. Additionally thermal drift will occur when 
the temperature is changed, which blurs the image on the CCD camera when the sample moves during 
the image acquisition. Therefore a resting time has to be kept after changing the temperature in the 
holder and the lower temperature in the sample has to be considered in the results discussion. 
3.4 Sample preparation and model system support 
The samples from the catalytic activity testing in chapter 2.2 were prepared by incipient wet 
impregnation of dissolved nitrates on high surface silica support. The metal nanoparticles are embedded 
in the pores of the support (see Figure 1.4). This sample is used to the XRD investigations as it does not 
limit the XRDs resolution or investigation capabilities. In the TEM, the high surface area support limits 
the resolution of the metal nanoparticles. Instead, a silica membrane is used to support the catalytic 
nanoparticle. Figure 3.8 illustrates the differences showing 2 problems that can occur in a sample that 
using high surface area support. 
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Figure 3.8: Schematic comparison between the silica membrane and the high surface 
area support when being used in the TEM. 
First of all the support is in general thicker. A SiO2 membrane is about 20nm thick. Together with the 
nanoparticle the thickness is well below 100nm and therefore favorable for TEM imaging, especially for 
high resolution and also because beam damage is reduced as the electron beam interacts less with 
thinner samples (see section 3.5). The high surface area support is more inhomogeneous and is in 
general thicker. The membrane offers a low uniform thickness and is therefore well suited for HRTEM 
investigation, because the thickness-ratio of metal/support is a lot higher and therefore the contrast is 
better for imaging the metal particles. Figure 3.9 shows an overview image of a CuNi on a high surface 
area silica support and on a silica membrane, both were applied on the support by incipient wetness 
impregnation and dried in air. The sample on high surface area support was dried at 100°C and the one 
on the silica membrane was dried at room temperature. Both were reduced at 350°C, the high surface 
area sample in 1 bar of H2 and the membrane sample in 1.3mbar of H2. The images were obtained with 
the ETEM at 300kV, in high vacuum and at room temperature. 
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Figure 3.9: Overview images of a CuNi on a high surface area silica support (a) ) and on a 
silica membrane (b) ). Both samples were synthesized by incipient wetness 
impregnation and dried in air. The sample on high surface area support was 
dried at 100°C and the one on the silica membrane was dried at room 
temperature. Both were reduced at 350°C, the high surface area sample in 1 
bar of H2 and the membrane sample in 1.3mbar of H2. The images were 
obtained with the ETEM at 300kV, in high vacuum and at room temperature. 
The membrane offers the already mentioned homogeneous low thickness while the high surface area 
support agglomerates. From chapter 2.2 it is already known that different support materials influence 
the catalytic activity, but both consist of the same material, so this factor is ruled out. The fact that there 
is no porous support in the ETEM would, however, influence the catalytic activity, but not in a principle 
way. Because the loading of the catalyst will be lower and it will be more dispersed the overall 
conversion will be reduced and deactivation might be accelerated. But the main objective, structural 
changes in the samples during the synthesis and reaction should not be affected. The fact that there are 
different shapes in the support material will be discussed in chapter 4 and 5, when the synthesis, 
reaction and deactivation is investigated. Another difference between the membrane and the high 
surface area support is visible in Figure 3.9 as well. The membrane support does not disperse the 
applied nitrate solution uniformly. Close to holes in the membrane and close to the Au grid bars the 
surface tension of the nitrate solution is higher and the salt agglomerates more in these areas. Because 
of the non-uniform density of the precursors the distribution of the nanoparticles is also non-
homogeneous. The particle size distribution on this support will be too broad compared to the sample 
prepared using the high surface area support. The high surface area support can trap the nitrate 
solution in the pores which leads to a rather narrow size distribution of the nanoparticles. Figure 3.10 
shows the particle size distribution of a CuNi sample (Cu/Ni ratio 2:1) that was prepared by incipient wet 
impregnation on a high surface area silica support, dried and reduced at 350°C similar to the conditions 
in Figure 3.9 a). 
a) b) 
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Figure 3.10: Particle size distribution (diameter) of a CuNi sample (Cu/Ni ratio 2:1), 
prepared by incipient wet impregnation on a high surface area silica 
support, dried and reduced at 350°C. 
The particles are spread in size between 4nm and 14nm with a mean value of around 10nm. Comparing 
it to the particles reduced on the SiO2 membrane in Figure 3.9b), there are larger particles of nearly 
40nm as well as smaller particles on the perimeter present. Changes in the crystal structure, however, 
can be well investigated when taking particles in the same size range than the ones occurring in the high 
surface area sample. 
3.5 Beam damage 
The electrons used for imaging and spectroscopy in the TEM have to interact with the sample in order to 
probe the material. This also has the side effect of unwanted electron beam interactions. Egerton et al. 
(EGERTON ET AL.2004) gave a classification of the types of beam damage. Further reading can be found in 
WILLIAMS AND CARTER2009, CHAPTER 4.6. 
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Figure 3.11: Classification of electron beam irradiation damage after Egerton et al. 
(EGERTON ET AL.2004) 
The damage caused by electron beam irradiation can be divided up into elastic and inelastic scattering 
effects. Elastic scattering mainly causes atomic displacement, also called knock-on damage, and 
sputtering. It occurs when the electron beam energy gets directly transferred to an atom in the crystal 
lattice of the specimen, causing the displacement of an atom. Sputtering is just atomic displacement on 
the surface on the investigated material, where the atom also gets ejected. It is the primary damage that 
occurs when irradiating metals with the electron beam, which is important here because the catalytic 
nanoparticles consist of metals and metal alloys. The knock-on damage is directly related to the incident 
beam energy. Heavier metals are suffering less damage at the same electron beam energy. But the 
knock-on damage is more severe with high kinetic energy of the electrons in the electron beam. 
Inelastic scattering causes heating of the specimen, electrostatic charging, structural damage, mass loss 
and deposition contamination. Specimen heating occurs through phonon oscillations caused by the 
scattering of the electron beam. This is always occurring in the electron microscope. The effect can be 
reduced through thermal conductivity and cooling the sample. The samples used in this work are 
applied on a SiO2 membrane which is attached to a Au grid. This also brings thermal conductivity. For 
the application in this work where in-situ methods are used to investigate the catalysts cooling is not 
possible. One might argue a heat induced effect is not harming the sample because they get exposed to 
heat anyway. The major problem is, that the local temperature of the area illuminated by the electron 
beam can be higher than the temperature that is applied to the sample through the sample holder and 
that is also measured there for the whole sample. Because of this locally higher temperature, effects 
observed in the electron microscope can happen at a lower measured temperature. Therefore, a 
separate investigation of the beam induced effects on the synthesis of the catalysts were carried out as 
well and described in chapter 6. The structural damage through inelastic scattering, also called 
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radiolysis, is caused by the break of chemical bonds mainly through ionization. It is the major cause of 
damage in covalent and ionic materials such as support material SiO2 and MgO. In contrast to the knock-
on damage, radiolysis can be reduced by increasing the acceleration voltage. Because the catalytic 
systems used in this work Ni, Cu and Ga are not light metals and a higher acceleration voltage increases 
the resolution, the voltage is set to 300kV, the maximum the ETEM is capable of. 
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Chapter 4: Synthesis of the methanol catalysts NiGa and CuNi 
This chapter describes the synthesis of the methanol catalysts in the Environmental Transmission 
Electron Microscope (ETEM). The ETEM provides local information with a resolution at the atomic level 
allowing for direct crystallographic observations. Additionally spectroscopic information over Energy 
Electron Loss Spectroscopy (EELS) is available to probe chemical changes in the sample. The focus is to 
investigate the metal nanoparticles which are the catalytically active part of a catalyst. Especially the 
combination of in-situ XRD and in-situ TEM provides inside in the synthesis of the two novel methanol 
catalysts NiGa and CuNi. 
4.1 Laboratory synthesis of the catalysts and TEM sample preparation 
NiGa and CuNi methanol catalysts were synthesized on a SiO2 support. This support has been proven to 
be the most active compared to e.g. Al2O3 and MgO (see chapter 2). The synthesis for both systems is 
done by wet impregnation of nitride salts, drying and reduction in H2 atmosphere. Only the reduction 
temperature during the synthesis is different for CuNi and NiGa. CuNi gets reduced at 350°C while the 
reduction temperature of NiGa is 660°C-700°C. Figure 4.1 shows the catalyst synthesis schematically for 
both systems. 
 
Figure 4.1: Procedure for the synthesis of NiGa and CuNi methanol catalysts schema-
tically shown for the laboratory procedure and the procedure to prepare a 
TEM sample. The temperatures given are for the preparation of CuNi. 
NiGa is synthesized by mixing Ni and Ga nitrates (Ni(NO3)2 and Ga(NO3)3) with deionized water. The ratio 
of Ni to Ga used in this solution is 5:3 as tests of catalytic activity have proven this ratio to be the most 
active for methanol conversion (see Figure 2.6 for Ni5Ga3). The solution was mixed with silica (SiO2) 
powder and dried in air at 100°C for 4 hours. After that the impregnated sample was reduced in 1 bar H2 
atmosphere at 700°C. For the CuNi sample, Ni nitrate (Ni(NO3)2 ) and Cu nitrate (Cu(NO3)2 ) was used in a 
mixture with deionized water in a Cu to Ni ratio of 2:1. This was again proven to be most effective in the 
catalytic activity. The solution was dripped on silica support and dried in air at 100°C for 4 hours. The 
reduction was done in 1 bar H2 atmosphere 350°C. 
As already mentioned in chapter 3.4, some modifications have to be applied to the procedure for TEM 
samples. The silica support offers a high surface ratio for optimal metal dispersion. But in these samples 
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the catalytic nanoparticles formed during the reduction are embedded in the support. This means that 
the silica support is fairly thick compared to the size of the nanoparticles which have a size of around 
10nm in the laboratory sample (see Figure 3.6 and Figure 3.8). In order to keep the influence by the 
support low, the silica should be kept as thin as possible. It is possible to use a silica support with a lower 
surface area in the form of silica spheres and to disperse the particles around the surface of the spheres 
(used by GARDINI2012), but in order to probe the catalyst synthesis from the nitride salt solution to the fully 
reduced catalyst is it best to use a silica membrane (provided by Plano) which offers a mean thickness of 
20nm and therefore has the least interference with the electron beam inside the TEM. Figure 4.2 shows 
different high resolution images that reveal the advantage of the membrane support. 
 
Figure 4.2: High resolution TEM images of NiGa on different forms of SiO2. a) shows the 
Ni5Ga3 nanoparticles on high surface area silica support, b) on SiO2 spheres 
with lower surface area and c) on SiO2 membrane. 
It is generally possible to obtain atomic resolution images with all the different shapes of the support. 
Using silica membranes allows preparation of TEM samples using a procedure close to the synthesis 
procedure for the catalytic testing in the laboratory but maintaining a flat and thin support over the 
whole sample. Figure 4.1. shows the TEM sample preparation procedure as well. The nitrate solutions 
are prepared in the same way as for the XRD samples but instead of using high surface area silica 
powder a Au TEM grid with a SiO2 membrane is used. Since the membrane is more fragile than the 
powder the drying in air was done at room temperature. The reduction temperature is the same as for 
the XRD sample and the laboratory synthesis but the pressure of H2 has to be kept lower in order to 
sustain the ultra high vacuum at the electrons source and also to keep the mean free path of the 
electron high enough that atomic resolution images can be obtained (see chapter 3.3). 
4.2 Experimental procedure for the NiGa system 
The experimental conditions are set to resemble the ones used in catalytic testing as closely as possible 
with respect to limitations by the Environmental transmission electron microscope and restrictions that 
the investigations impose. ETEM provides local crystallographic and chemical information about an area 
of a few nm². In order to get some integral information about the sample, in-situ XRD was performed on 
NiGa. This also gives information about the phases occurring in the sample. A wet impregnated and 
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dried sample of NiGa was heated to 700°C in 1 bar of H2 atmosphere with temperature intervals of 
100°C between 200°C and 500°C and steps of 50°C between 500°C and 700°C. While being reduced, the 
sample is scanned by XRD obtaining one spectrum for each temperature step. Figure 4.3 shows this set 
of in-situ XRD pattern. 
 
Figure 4.3: Set of in-situ XRD pattern from room temperature to 700°C at 1bar of H2 
atmosphere. The 2θ peaks for NiO and Ni5Ga3 are marked (image courtesy 
of Irek Sharafutdinov, DTU Physics). 
The 2θ peaks for NiO (Sasaki, S. et al.) and Ni5Ga3 (Bhan, S., Schubert, K.) are marked in the figure. They 
show that from 300°C a NiO phase occurs, which disappears at 400°C and a phase of Ni5Ga3 is formed. 
The peaks of this phase appear stronger with increasing temperature but do no longer increase from 
about 500°C and onwards. The reduction is non-reversible as it stays constant even when cooling down 
to 200°C. XRD already reveals the crystal structure that is formed in the catalyst. Gallium itself has only 
extremely weak and broad peaks because it is mostly amorphous. It only appears in the XRD as an alloy. 
This data lacks the local information about single catalyst nanoparticles. With the information gained 
from the XRD, the ETEM experiment for the Ni5Ga3 reduction is set up with temperature steps at 300°C 
and 650°C. Additionally, using the XRD data the results can be compared if similar results occur even 
though the H2 pressure differs with 3 orders of magnitude. Figure 4.4 shows the procedure of the 
experiment schematically. 
4. Synthesis of the methanol catalysts NiGa and CuNi 
- 47 - 
 
Figure 4.4: Schematic procedure of the ETEM experiment performed on the NiGa nitride 
salts. Between each temperature change there has to be resting time allowed 
for thermal stabilization and drift settlement. 
In order to gain local information about the synthesis of the catalyst and the nanoparticle formation, 
data revealing the crystallographic structure (HRTEM and DP) and spectroscopic information is obtained. 
There has to be some holding time (about 20-30min) after each temperature change in order to allow 
the systems thermal drift to stop and system to reach the thermal equilibrium. it is best to setup the 
whole experiment in one run as the prepared samples with the liquid salts on the SiO2 membrane age 
and eventually rupture. A freshly prepared sample not older than a day has proven to be most resistant 
to membrane rupture. Some intermediate temperature steps were set as well in order to follow the 
same area. 
4.3 Results for the NiGa system 
From the same sample area three medium magnification images were acquired as an overview at room 
temperature and at 300°C and 660°C. Figure 4.5 shows these overview images. 
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Figure 4.5: Overview images of the same area of a NiGa sample in 1.3 mbar of H2 
atmosphere. (A) at room temperature, (B) at 300°C and (C) at 660°C. A 
formation of nanoparticles is visible during the reduction procedure. 
These images show that at room temperature there is just the dried salt precursors on the membrane. 
The bubbles formed through the salts are a result of surface tension close to the grid or a hole in the 
SiO2 membrane. When heating up the sample to 300°C the salt is still visible but the texture is generally 
finer. But there are no nanoparticles visible at this magnification. At 660°C , however, nanoparticles 
have been formed leaving no trace of the salt precursors. There is a great size range visible depending 
on the concentration of the salt in that area. This again depends on the surface tension as the liquid salt 
accumulates close to grid bars and around holes in the membrane. Compared to the high surface area 
support, the size distribution of the nanoparticles will be more broad, because the support does not 
limit diffusion and does not provide a homogeneous distribution of the salt precursors. The samples 
particle size distribution is not comparable, but when probing the smaller nanoparticles adjacent to the 
grid bars or holes with a size of about 10nm, high resolution images can be obtained to gain 
crystallographic information about the nanoparticles and the size is comparable to the ones obtained 
from the sample used for catalytic testing. Figure 4.6 shows a high resolution image of a Ni5Ga3 
nanoparticle. 
 
Figure 4.6: High resolution TEM image of a Ni5Ga3 nanoparticle. Two FFTs were taken at 
two different positions marked in the figure. With these d-values and 
angles in the FFT only the Ni5Ga3 phase is a possible NiGa crystal structure. 
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In order to determine the crystal structure, Fast Fourier Transformations (FFT) were calculated from two 
different regions of the nanoparticle. Ni and Ga have several alloy phases (see chapter 2.2) which often 
reveal indifferent results. In other words, the d values and the angles in the FFT fit to more than one 
phase of NixGay. FFT2 in Figure 4.6 is one example for an unambiguous direction of a Ni5Ga3 phase, the 
[11-4] direction. The phase can be finally and clearly identified when in addition an EELS spectrum of a 
single particle is obtained revealing the chemical composition. Figure 4.7 shows an electron energy loss 
spectrum from such a single particle. 
 
Figure 4.7: Electron energy loss spectrum of a single NiGa nanoparticle. The probed 
energy loss region is 790eV to 1250eV in which the Ni and Ga L-edges of the 
core loss region lay. The Ni and Ga L-edges are marked in the figure. 
The spectrum was taken in the range from 790eV to 1250eV containing both the Ni and Ga L-edges from 
the core loss region. Both are indicated in Figure 4.7. The Ni edges have a distinct onset while Ga has a 
delayed maximum edge making quantification more challenging. For Galium containing semiconductors, 
that are more homogeneous this can be easier as shown by LEIFER ET AL.2000. For a detailed approach on 
how to quantify Ni and Ga in these samples use the master's thesis of D. Gardini. The Gallium edge, 
however, is still visible showing that the nanoparticle definitely contains Ni and Ga. 
TEM overview images show that when reducing Ni and Ga nitride precursors in an H2 atmosphere, 
nanoparticles form at 660°C. With the crystal structure gained from the high resolution TEM data as well 
as the single particle EELS information it could be shown that these nanoparticles are in fact a NiGa 
alloy, more precisely Ni5Ga3. This is the same phase observed in the in-situ XRD experinents. This means 
that the ETEM resembles similar environment as the XRD and that the crystal structure observed for the 
sample impregnated on high surface silica is the same as for the nanoparticles synthesized in the ETEM 
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on a SiO2 membrane grid. The bulk structure also applies to the nanoparticles which are the major 
contributors to catalytic activity and this approach can be used where only little is known about the 
actual crystal structure of the sample. 
4.4 Experimental procedure for the CuNi system 
Cu and Ni have an atomic number of 29 (Cu) and 28 (Ni) and lay right next to each other in the periodic 
table. They both form face-centered cubic crystals with lattice constant of 3.615Å for Cu and 3.5238Å for 
Ni (JETTE AND FOOTE1935). The CuNi alloy is an intermixing structure (Figure 2.12 and KANTOLA AND TOKOLA1967), 
which means that this alloy has a face centered cubic structure as well with a cell parameter between 
those of Cu and Ni, depending on the Cu/Ni ratio according to Vegards law (VEGARD1921). This makes it 
challenging to distinguish between the Cu or Ni metal phases and a CuNi alloy. An in-situ XRD is shown in 
Figure 4.8. 
 
Figure 4.8: XRD patterns at different temperatures during in-situ reduction of the 
CuNi/SiO2-sample in 2 mol % H2/N2 at a pressure of 1bar.  - CuNi alloy, # - 
Cu/Ni nitrate hydroxides (image taken from WU ET AL.2012). 
The sample was heated up in 1 bar of a 2% H2 and 98% Ar atmosphere from room temperature to 300°C. 
In general the synthesis of the CuNi catalyst runs at lower temperatures than for the NiGa. At room 
temperature and up to 240°C a phase of Cu/Ni nitrate hydroxides is present while from 240°C a phase of 
either Cu, Ni or a CuNi alloy is formed. The peaks are too close together and the resolution is low to 
distinguish the phases, because of the Scherrer broadening of the peaks (see chapter 3.1). The smaller 
the nanoparticles are, the broader the XRD peaks will be. Using the Scherrer equation 3.2, an average 
crystal size of 10nm and a Cu Kα line wavelength for the XRD of 1.5Å one estimates 0.95° broadening at 
the main peak at 2θ is ca. 44°. This is broader that the spread between Cu and Ni. Resolving the CuNi 
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sample so that Cu, Ni and CuNi is distinguishable is challenging with TEM diffraction methods as well but 
the TEM also offers spectroscopic methods like EELS. So the experimental procedure to reveal the CuNi 
structure will focus on the EELS spectroscopy and will also be with smaller temperature steps than for 
NiGa in order to reveal the phase changes. The fact that only a concentration of 2mol% of H2 was used 
also allows for a closer resemblance of these conditions because by using 100% H2 atmosphere in the 
ETEM the amount of H2 around the sample is only an order of magnitude smaller than in the XRD. Figure 
4.9 shows the experimental procedure for the CuNi synthesis. 
 
Figure 4.9: Procedure for the ETEM experiment on CuNi. The temperature steps are 
smaller than for NiGa and the focus lays on spectroscopic methods as the 
difference in the crystal size of Cu and Ni is very small. 
Similar to the experimental procedure for the NiGa overview images, high resolution images and EELS 
spectra have been obtained. But the alloying procedure is not clear and in fact from the XRD data it is 
not sure if there is an alloy formed at all or just separate metals getting reduced. It is therefore 
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important to have more temperature steps to probe an alloying process in more detail and also pay 
close attention to the spectroscopic method of EELS since this provides information about the chemical 
composition of the probed area. Additionally the dwell time of the electron beam on the sample has 
been kept short and the beam was blanked when no imaging or aligning took place (e.g. during holding 
time and temperature stabilization) as the beam also interacts with the sample and provides radiolysis 
and additional heat intake (see chapter 3.5). This particular fact is studied in detail in chapter 6. 
4.5 Results for the CuNi system 
From the overview images in Figure 4.10, formation of nanoparticles is observed. The initial shape of the 
salt is driven by the surface tension of the liquid salt that was dripped onto the SiO2 membrane. The 
nanoparticles formed at this position do not migrate but stay in this form even at elevated 
temperatures. The concentration of salt over this drop is also not homogeneous, resulting in the 
formation of differently sized particles. Higher concentration of salt gives larger particles after the whole 
reduction cycle as observed in Figure 4.10 in the top left and bottom right image. The ring of higher 
concentration of salt later results in larger particles around that ring. 
 
Figure 4.10: TEM brightfield overview images for temperatures from room temperature 
to 350°C in steps of 50°C. Out of the nitride salts nanoparticles are formed 
where the size is governed by the salt concentration driven by the surface 
tension. 
The particle size distribution is again much more broad than for the catalyst synthesized for catalytic 
testing due to the low surface area silica membrane. The smaller particles on the edge of the 
investigated area are suitable for investigation with high resolution TEM. Additionally to the overview 
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micrographs, Selected Area Diffraction Patterns (SADP) were acquired from these areas. These are 
shown in Figure 4.11. The room temperature diffraction pattern shows only an amorphous ring and no 
indication of a crystal structure as also the bright field image in Figure 4.10 indicates. Above 100°C, rings 
are formed showing the formation of crystals. Some diffraction spots are visible as well. From 150°C on 
there are distinct diffraction spots visible representative of several different phases (see table 5.1 for a 
list). Several of the phases of CuO and the Cu and Ni phases are mixed, so it cannot be distinguished. But 
at a 1/d-value of 4.791nm-1 to 4.915nm-1 there are only metallic Cu and Ni phases as well as their allows 
present. 
 
Figure 4.11: Selected area diffraction pattern of the areas shown in Figure 4.10. From an 
amorphous ring structure at room temperature, there are diffraction spots 
appearing and staying irreversible. A rotational average of the diffraction 
intensity is taken for each diffraction pattern. The area of the Cu and Ni 
peaks has been marked to indicate the metallic Cu, Ni and CuNi peak. The 
peaks are still to broad to distinguish between the three phases. 
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Below each diffraction pattern, a rotational average is shown. The peak area of the metallic Cu, Ni and 
CuNi is marked. In all these images, the peaks are quite broad. The rotational average at 250°C still has 
the sharpest peak. It is separately shown in Figure 4.12. 
 
Figure 4.12: Rotational average of the diffraction pattern at 250°C shown in Figure 4.11. 
The peak that corresponds to Cu and Ni are marked as well as the full width 
at half maximum (FWHM) of this peak. 
The peaks corresponding to the metallic Cu, Ni and CuNi are indicated as well as the full width at half 
maximum (FWHM). This FWHM is 0.144nm-1. The spread between the 1/d value of Cu and the 1/d value 
of Ni is 0.124nm-1. This means, that the resolution of the diffraction patters is not high enough to 
distinguish between Cu, Ni or an alloy of the two. 
High resolution TEM images of single nanoparticles were taken as well to reveal the crystal structure. 
Figure 4.13 shows an HRTEM image after the reduction cycle. 
 
Figure 4.13: High resolution TEM image of a CuNi nanoparticle after the reduction cycle. 
A magnified part of the crystal structure as well as a Fast Furier 
Transformation (FFT) of the nanoparticle was taken as well. The FFT and 
the direction of the d-values indicate the crystal to be a [111]-direction of 
CuNi. 
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From this micrographs FFT a clear pattern with equally distributed angles (γ1= γ2= γ3=60°±1°) is 
observed. Together with a value of the layers of the atomic distance of 2.51Å and 2.58Å, this would 
correspond to the [110]-directions of a CuNi alloy, as Ni has a value of 2.49Å and Cu of 2.56Å and again 
according to Vegards law the value for CuNi should be in between these values. But this difference is 
below the resolution limit of the FEI Titan E-cell 80-300 electron microscope used which is 0.8Å. The fact 
that [110] reflections are visible however indicates that this is an alloy as in the pure fcc crystal these are 
forbidden reflections (Ashcroft-Mermin). Only a change in the structure factor due to an 
inhomogeneous base can show these. To prove, that it is in fact an alloy, a single particle EELS spectrum 
was obtained. Figure 4.14 shows this spectrum. 
 
Figure 4.14: Electron Energy loss spectrum of a single CuNi nanoparticle obtained at the 
Cu and Ni L edges in the range of 790eV to 1150eV in energy loss. The edges 
of Cu and Ni are marked. 
EELS spectrum was taken in the range between 790eV and 1150 eV at a dispersion of 0.2eV, where both 
the Cu as well as the Ni L-edges in the core loss region are located. They background is removed using a 
power-law fit. Both edges are present and marked in Figure 4.14. This proves that the nanoparticle 
contains both Cu and Ni that during the reduction process an alloy is formed as opposed to separate 
metals. This is observed in spectra recorded from several other particles. 
With this spectroscopic method of EELS offered by the TEM, it was possible to proof that the reduction 
process forms nanoparticles of CuNi. Something that was below the resolution limit of the 
crystallographic investigations of XRD and the TEM diffraction. By using single particle EELS this can be 
shown easiest. Due to the small illuminated area, a quantification of the Cu:Ni ratio would be carrying to 
high error margins. 
It is possible to probe the reduction process from Cu2+ to metallic Cu which forms an alloy at different 
temperatures. As explained in chapter 6, oxidized Cu2+ has white lines on the L-edges while metallic Cu is 
missing these. Figure 4.15 shows a series of EELS spectra acquired from a larger area similar to the ones 
shown in Figure 4.10. 
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Figure 4.15: Series of EELS spectra acquired at the same temperature steps and from the 
same areas shown in Figure 4.10. The legend on the right side indicates at 
which temperature each spectrum was recorded. The onset of the Cu and Ni 
L-edges in the core loss region are indicated. 
All these EELS spectra were background subtracted by a power law fit as well and the onset of the Cu 
and Ni L-edges are marked. They were all aligned on the Ni L3-edge where one marker is placed. The Cu 
L3-edge, where another marker is placed, suffers a severe reduction as the white lines disappear in H2 
and elevated temperature. This is due to the reduction of Cu2+ to Cu where there is a shift in preferential 
excitation due to the filling of an electron shell. It is, however directly visible that the reduction of Cu 
already begins at 100°C in H2 atmosphere and continues. After returning to room temperature again the 
sample stays in a reduced state. 
Using environmental TEM it was possible to reveal that CuNi forms alloyed nanoparticles during 
reduction in H2 and at 350°C using single particle energy electron loss spectroscopy. The reduction of Cu 
can be probed as well by using EELS. The results for the XRD and ETEM are comparable even though the 
TEM samples are prepared on a low surface area support as shown through the similar results in XRD 
and ETEM for the NiGa system. 
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Chapter 5: Reaction and ageing of the methanol catalysts NiGa and CuNi 
After showing that the alloy nanoparticles in the catalysts for methanol synthesis can be formed in situ 
in the ETEM from nitrate salts, the natural step investigating the systems under simulated reactions 
conditions was taken. 
The in-situ investigation of the catalysts is performed to investigate whether the exposure to the 
reactive gas induces changes in the catalyst and to determine the state the catalyst is in during the 
reaction. This does not necessarily need to be the same than the one that was found after the synthesis 
of the catalysts. Another important point is to see deactivation effects in the catalyst. 
There are several types of deactivation. The XRD and ETEM studies in this work focus on the changes in 
the crystal structure and the chemical composition of the metal nanoparticles. Especially NiGa forms 
several different phases where only Ni5Ga3 possesses a high catalytic activity for the methanol 
conversion (see Figure 2.6). CuNi forms an intermixing crystal structure but can still suffer from changes 
due to oxidation. An in-situ XRD investigation was used to determine if any integral changes happen 
during catalysis for the high surface area silica supported catalyst. This will be compared to the local 
information obtained by the ETEM. 
As described in chapter 1.2.2 the catalysts can suffer from deactivation over time when being used in 
the catalytic reaction. This normally occurs over a rather long period of time of several months or years 
which is not feasible for investigation on the lab scale. Therefore the rapid ageing method (see 1.2.2.4) is 
used in catalysis research to accelerate the ageing process in the catalysts. The aim is to investigate 
possible deactivation mechanisms within hours or days that would otherwise take months or years to 
develop under optimal reaction conditions. It involves running the catalytic reaction at a higher 
temperature than optimal for a period of a few hours, change back to normal reaction conditions and 
investigate the catalyst for possible changes in the crystal structure. The catalytic activity testing in 
chapter 2 showed that CuNi works best as a methanol catalyst in a gas mixture of H2 and CO while the 
NiGa system utilizes a mixture of H2 and CO2. The optimal temperature for the reaction methanol 
conversion is 200°C for both systems.  
5.1 In-situ XRD analysis of the methanol catalysts during reaction conditions and ageing 
The two methanol catalysts NiGa and CuNi were investigated by means of in-situ XRD under the relevant 
gas compositions and temperatures for methanol synthesis. Both systems have been reduced in 
hydrogen prior to the in situ XRD measurement to form nanoparticles from the nitrate salts. 
5.1.2 In-situ XRD results for CuNi 
The Cu-Ni catalyst was prepared by incipient wet impregnation on high surface area silica support 
followed by drying in air at 100°C and reduction in 1bar H2 atmosphere at 350°C. The sample was then 
exposed to a mixture of H2 and CO at 1 bar and heated up to 400°C. The ratio of CO to H2 was 1:1. Figure 
5. Reaction and ageing of the methanol catalysts NiGa and CuNi 
- 58 - 
5.1 shows an in-situ XRD pattern of a CuNi sample at room temperature, 300°C, 350°C and 400°C. The 
XRD peak positions for CuNi, CuNiO and CuO2 are marked. Since CuNi is a substitutional alloy, the peak 
positions of metallic Cu and Ni are very closely laying around the CuNi peak. Furthermore,  the NiO 
peaks are laying almost at the same positions as CuNiO (see Table 5.1). For a better overview these 
peaks are not marked. Excluded were also peaks whose intensity is less than 7% of the maximum peak in 
that crystal phase. All other peaks in the 2θ range of 20° to 80° of the mentioned phases are listed in 
Table 5.1. 
Table 5.1: List of the x-ray peak positions for the Cu, Ni, CuNi, CuNiO, NiO and CuO2 
phase. The reference is for the crystal structure given for each phase 
separately. Only peaks with a relative intensity I/Imax>7% and at 2-Theta 
values between 20° and 80° have been considered. 
CuNi (taken from: LUGSCHEIDER AND REIMANN1977) 
h k l d(hkl) 2-Theta Intensity I/Imax 
1 1 1 2.05652 43.9918 2.02E-01 100
0 0 2 1.78100 51.2503 9.42E-02 46.6
0 2 2 1.25936 75.4137 5.35E-02 26.5
Ni (taken from: JETTE AND FOOTE1935) 
h k l d(hkl) 2-Theta Intensity I/Imax 
1 1 1 2.03455 44.4922 9.78E-02 100
0 0 2 1.76197 51.8447 4.55E-02 46.5
0 2 2 1.24590 76.3736 2.59E-02 26.5
Cu (taken from: OWEN ET AL.1933) 
h k l d(hkl) 2-Theta Intensity I/Imax 
1 1 1 2.08712 43.314 1.03E-01 100
0 0 2 1.80750 50.4458 4.82E-02 46.8
0 2 2 1.27810 74.1205 2.74E-02 26.6
CuNiO (taken from: SCHMAHL ET AL.1964) 
h k l d(hkl) 2-Theta Intensity I/Imax 
1 1 1 2.41996 37.1191 6.87E-02 76.5
0 0 2 2.09575 43.1267 8.97E-02 100
0 2 2 1.48192 62.633 5.18E-02 57.7
1 1 3 1.26378 75.1036 2.59E-02 28.9
2 2 2 1.20998 79.0745 1.60E-02 17.8
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NiO (taken from: SASAKI ET AL.1979) 
h k l d(hkl) 2-Theta Intensity I/Imax 
1 1 1 2.03455 44.4922 9.78E-02 100
0 0 2 1.76197 51.8447 4.55E-02 46.5
0 2 2 1.24590 76.3736 2.59E-02 26.5
CuO2 (taken from: MIYAZAKI ET AL.2002) 
h k l d(hkl) 2-Theta Intensity I/Imax
1 1 1 2.46390 36.4337 1.26E-01 100
0 0 2 2.13380 42.3203 4.80E-02 38.2
0 2 2 1.50882 61.3938 4.51E-02 35.9
1 1 3 1.28673 73.5409 4.13E-02 32.9
2 2 2 1.23195 77.3979 9.74E-03 7.8
 
 
Figure 5.1: In-situ XRD graphs of the CuNi system during rapid ageing at temperatures up 
to 400°C in H2 and CO atmosphere. The main peaks for the CuNi, the CuNiO 
and the CuO2 phase are listed in Table 5.1.  
The patterns in Figure 5.1 show a slight shift in the peaks during the reaction and ageing cycle. Especially 
the main peak at a 2θ value of 43° shifts towards CuNi. The peak itself is broad enough to cover all the 
reference positions of the CuNi [111], the CuNiO [002] and the CuO2 [002] peak due to the small crystal 
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size of the catalytic nanoparticles and the thereby induces Scherrer broadening of the peak (see chapter 
3.1). There are two other peaks in Figure 5.1 at around 60° and at around 35° that only correspond to 
the CuNiO and CuO2. These peaks disappear at 400°C, showing that there is a reduction further ongoing. 
The catalytic data in Figure 2.5 also shows that the activity increases when the sample is being exposed 
to 300°C in a CO and H2 atmosphere indicating that the metallic CuNi is the catalytically active phase. 
The increased catalytic activity follows the reduction of the CuNi phase. It is also important to note that 
both the catalytic activity testing at 100bar pressure and the in-situ XRD at 1bar pressure show 
comparable results despite the pressure gap between the working pressure of the catalyst and the 
limited pressure in the test setup. 
5.1.2 In-situ XRD results for NiGa 
A similar in-situ XRD experiment was performed on the NiGa system. The catalyst was prepared as 
described before in chapter 4 by wet impregnation, drying and reduction on a high surface area SiO2. 
After the reduction the sample was exposed to syngas in a mixture of 75%H2 and 25%CO2 and heated up 
to 200°C which was described in chapter 2 to be the optimal reaction temperature. From this 
temperature, two heat cycles were performed bringing the sample first up to 300°C, down to 200°C 
again and then to 400°C. This is done in order to see changes in the crystal structure at higher 
temperatures but to distinguish between reversible and irreversible effects when running the reaction 
at 200°C again. The obtained XRD spectra are shown in Figure 5.2. The peaks for Ni5Ga3 and Ni3Ga 
phases are marked as well and are listed in Table 5.2. 
Table 5.2: List of the x-ray peak positions for the Ni3Ga and Ni5Ga3 phase. Only peaks 
with 1% or more of the most intense peak are given. The reference for the 
crystal structure is given for each phase separately. 
Ni5Ga3 (taken from: BHAN ET AL. 1969) 
h k l d(hkl) 2-Theta Intensity I/Imax
2 2 1 2.0875 43.3057 2.92E-01 100
0 0 2 1.885 48.2364 5.33E-02 18.2
4 0 0 1.8825 48.3046 5.13E-02 17.6
0 4 0 1.68 54.5784 3.58E-02 12.3
4 0 2 1.33201 70.6566 3.04E-02 10.4
0 4 2 1.25418 75.78 2.51E-02 8.6
4 4 0 1.25344 75.8324 2.42E-02 8.3
2 2 3 1.12342 86.5705 3.49E-02 11.9
6 2 1 1.12236 86.6723 3.25E-02 11.1
4 4 2 1.04375 95.1166 2.80E-02 9.6
2 6 1 1.03247 96.4952 2.77E-02 9.5
Ni3Ga (taken from MISHIMA ET AL.1985) 
h k l d(hkl) 2-Theta Intensity I/Imax
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1 1 1 2.06865 43.7206 2.99E-01 100.0
0 0 2 1.7915 50.9284 1.40E-01 46.9
0 2 2 1.26678 74.8954 8.12E-02 27.1
1 1 3 1.08032 90.9568 9.78E-02 32.7
2 2 2 1.03432 96.265 2.95E-02 9.9
 
 
Figure 5.2: In-situ XRD graphs of the NiGa system during rapid ageing at temperatures up 
to 400°C in 75%H2 and 25%CO2 atmosphere. Peak positions for the Ni5Ga3 
and the Ni3Ga phases are marked.  
The peak at a 2θ value of around 43° can be identified both in the Ni5Ga3 as well as in the Ni3Ga phase. 
The peaks at 48°, 75° and 86° show that the sample is initially in the Ni5Ga3 phase. During the first 
heating cycle up to 300°C the phase does not change but at 400°C the peaks at 75° and 86° vanish while 
peaks at 51° and 91° appear indicating a phase change to the Ni3Ga phase. Comparing this with the 
catalytic activity of different phases of NiGa shown in Figure 2.6, the Ni3Ga phase possesses a greatly 
reduced catalytic activity and the phase change therefore means a deactivation of the catalyst. The 
effect is not reversible as the Ni3Ga phase is observed to stays even after cooling down to reaction 
temperature at 200°C. This data, however, also shows that there can be a problem using the rapid 
ageing method and making assumptions about long term performance of the sample during catalytic 
reaction. The crystal structure only changed at a temperature of 400°C while it stayed unchanged at 
300°C. If this is a temperature threshold above which this phase change happens, running the catalytic 
reaction at 200°C over a long time will not show the deactivation due to a change in crystal structure 
because the sample never reaches the threshold temperature. 
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5.2 ETEM analysis of the methanol catalysts during reaction conditions and ageing 
The ETEM was used to obtain information about the catalytic system on the local scale. The experiments 
were designed to resemble the conditions during the catalytic reaction described in chapter 2 as closely 
as possible within the limitations of the microscope and without compromising the investigation 
methods of the TEM. The catalytic testing for CuNi runs at 100bar in H2 and CO, theone for NiGa at 1bar 
in 75%H2 and 25% CO2. Both are above the maximum pressure applicable in the ETEM (see chapter 3.3). 
The pressure used in microscope is therefore reduced. The temperature for the reaction and ageing of 
up to 450°C can be reached with the heating holders used. In order to obtain high resolution TEM 
images, the model system support of a SiO2 membrane described in chapter 3 and 4 was used.  
5.2.1 Experimental design and results for NiGa 
From the catalytic testing data presented in chapter 2, the data collected from the synthesis described in 
chapter 4 and the data obtained from the in-situ XRD found in chapter 5.1 the ETEM experiment was 
designed. A sample of Ni and Ga nitrate salts (Ni(NO3)2 and Ga(NO3)3) was prepared on a SiO2 membrane 
by incipient wet impregnation in a ratio of Ni:Ga=5:3 and reduced at 650°C in 1.3mbar of H2 atmosphere 
in the ETEM. Because the sample was exposed to air after the reduction a reactivation step of 1.3mbar 
H2 and 350°C is added. This is similar to the activation step used in the catalytic testing. The temperature 
is the same but the pressure is lower (1000 mbar vs. 1.3 mbar). The sample is directly afterwards 
exposed to the simulated reaction conditions of 200°C temperature and a gas mixture of ca. 50%H2 and 
ca. 50%CO2 at a pressure of 4.5mbar. The CO2 gas feed was adjusted manually, so the regulation was 
done by adjusting the pressure at the sample in the ETEM and not setting the flow. For rapid ageing 
conditions the temperature is increased to 450°C before being cooled down again to room temperature 
and exposed to high vacuum again. The experimental design is described in Figure 5.3. 
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Figure 5.3: Experimental procedure of the activation, reaction and rapid ageing 
procedure of NiGa in the ETEM. 
With the precursor salts applied to the low surface area silica membrane it is not possible to obtain 
comparable results to the high surface area support about the particle size evolution and therefore the 
sintering. The surface tension of the liquid salts leads to an inhomogeneous distribution of the precursor 
and larger nanoparticles form where the concentration of the salt is higher (see chapter 3). The resulting 
particle size distribution is broader but that also means that comparable nanoparticles to the ones found 
on a high surface area silica support are present as well. According to Figure 3.10 this is around 10nm. 
Compared to the catalytic testing and the tests in the in-situ XRD the gas mixture is shifted to a higher 
CO2 content. This is due to the manual regulation but it will mainly affect the catalytic performance 
because the ratio of the reactants for the NiGa synthesis is not optimal. Phase changes and other ageing 
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effects will still occur and can be observed and a possible carbon coverage due to the excess in CO2 
could not be observed. 
Figure 5.4 shows an overview image of a synthesized NiGa sample at room temperature and in high 
vacuum before and at 1.3mbar H2 atmosphere and 350°C during the activation. 
 
Figure 5.4: Overview images of a NiGa sample at room temperature in high vacuum (a) ) 
and during the activation at 350°C in 1.3mbar of H2 atmosphere (b) ). Some 
of the particles become facetted during the procedure indicating a 
morphology change. 
Comparing the images before and after the activation there are some particles that become facetted 
and form clear edges. This indicates a morphology change in the system, but is made more clear when 
observing the same particle during the activation and reaction. 
Figure 5.5 shows HRTEM images of the same particle. First of the reduced sample that was exposed to 
air, after the activation in H2 atmosphere at 350°C and during reaction in H2 and CO2 at 200°C. 
5. Reaction and ageing of the methanol catalysts NiGa and CuNi 
- 65 - 
 
Figure 5.5: HRTEM images of the same NiGa particle in an oxidized state in vacuum at 
room temperature (RT) (a)), after activation in H2 at 350°C (b)) and during 
the reaction in a mixture of H2 and CO2 at 200°C (c)).Due to thermal drift 
and the lower resolution due to higher pressure, lattice fringes was not 
observed.low mean free path and therefore lower resolution, HRTEM was 
not feasible. 
From the HRTEM images there is a morphology change visible. During the activation the particle gets 
clear edges. From the FFT images there is, however, in both cases a Ni5Ga3 structure. This is not just a 
change in orientation of this particular particle because the overview images in Figure 5.4 show that this 
occurs for most of the particles. The apparent morphology change can be due to an oxidized surface in 
room temperature around the particle, which reduces during the activation. The edged appearance gets 
lost when the sample is exposed to reaction conditions. Also the FFT spectrum does no longer show 
crystal reflections. This is most likely due to the reduced mean free path of the electrons in the ETEM. 
CO2 has larger molecules than H2 and the pressure was increased to 4.5mbar. Hansen et al. (HANSEN ET 
AL.2012) showed that there is an effect on the resolution and intensity due to the gas molecules and that 
this is larger for larger molecules, however it should not be so severe. The gas composition and pressure 
are the same for the rapid ageing experiments making lattice fringe imaging unfeasible 
Therefore, the characterization during the rapid ageing experiment has been performed using selected 
area diffraction pattern in order to resolve the crystal structure and possible changes. The sample was 
exposed to the same reactive gas composition of 50%H2 and 50%CO2 but at an increased temperature of 
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450°C. Figure 5.6 shows two diffraction patterns. One after the synthesis and activation and one after 
the exposure to the reaction gas at 450°C. 
 
Figure 5.6: Diffraction pattern images for a NiGa sample after the synthesis in 1.3mbar 
H2 atmosphere at 650°C (a)) and during the reaction in 4.5mbar H2 and 
CO2(1:1) at 450°C (b)). 
The beam blanker blocking the very intense non scattered beam is clearly visible in the middle of the 
diffraction patterns. From these patterns, a rotational average diagram was obtained. This was done 
with the ImageJ software and the rotational average plugin (IMAGEJ SOURCE). The symmetric diffraction 
spots were used to determine the exact center. Figure 5.7 shows a radial plot obtained from the 
rotational average around this center. 
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Figure 5.7: Rotational average of a diffraction pattern of a sample directly after the 
synthesis in H2 atmosphere at 650°C and after being exposed to H2 and CO2 
at 450°C in the rapid ageing process. The peaks have been identified for 
Ni5Ga3 and Ni3Ga. 
This rotational averaged radial plot carries similar crystallographic information as a XRD spectrum but on 
a more local level of only the area illuminated by the electron beam which is typically in the few 100nm 
range. As shown in Figure 5.7 there is a structure change from the Ni5Ga3 phase to the Ni3Ga phase 
occurring which is consistent with the in-situ XRD in Figure 5.2 and from catalytic activity testing in 
chapter 2 it is known that the Ni3Ga phase is less active for the methanol production out of syngas. This 
can therefore be one reason for the deactivation of the catalyst but the rapid ageing method in this case 
is inconclusive as mentioned before because it might very well be that this phase change is due to the 
overcome of a temperature threshold, which under normal reaction conditions might not be reached 
even over a long period of time. 
5.2.2 Experimental design and results for CuNi 
The CuNi sample for the reaction testing was directly reduced from the Cu and Ni nitrate salts in a 
concentration of Cu:Ni=2:1 by incipient wet impregnation on a silica membrane, drying in air. The 
reduction was performed in situ in the ETEM at 350°C in 1.3mbar of H2 atmosphere as described in 
chapter 4. For the reaction the sample was exposed to 50%H2 and 50% CO gas mixture at a pressure of 
4.0mbar and a flow of 2ml/min for each individual gas. The experimental design is similar to the one for 
NiGa and shown in Figure 5.8 
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Figure 5.8: Schematical drawing of the experimental procedure for the reaction and 
ageing investigation of the CuNi sample.  
The reaction temperature is set to 200°C, similar to the one for NiGa but the CuNi system was only 
heated up to 300°C for the rapid ageing. The HRTEM images do not reveal any changes in the crystal 
structure. No apparent morphology change is observed. Diffraction patters were obtained for the 
individual steps to address the crystal structure during ageing in greater detail. Figure 5.9 shows a set of 
diffraction patterns in 50% H2 and 50% CO at 4.0mbar and a temperature range of 200°C to 300°C. 
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Figure 5.9: Diffraction pattern of a CuNi sample during the reaction in 50%H2 and 
50%CO at 4.0mbar pressure at temperatures of a) 200°C, b) 225°C, c) 250°C, 
d) 275°C and e) 300°C. 
All the diffraction patters show distinct rings as multiple nanoparticles are probed. With the naked eye it 
is not possible to see if these rings change during the reaction. In order to evaluate these diffraction 
patterns a radial plot of a rotational average was made using the imageJ freeware. Figure 5.10 shows 
these rotational average plots for the different temperatures. 
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Figure 5.10: Rotational average plots of CuNi diffraction pattern of a sample during 
reaction in 50%H2 and 50%CO at 4.0mbar pressure and at a temperature 
range of 200°C to 300°C. 
The result remains inconclusive. Looking at the evolution of the peak at 5.5nm-1 in Figure 5.10 which 
could be interpreted as a CuNi, it seems that the peak decreases up to 275°C, while a peak at around 
6.6nm-1, that can be identified with either CuNiO or CuO2 is increasing, indicating that there is an 
oxidation going on. This is a different result than what has been observed in the in-situ XRD in Figure 5.1 
where a reduction was happening. But also in Figure 5.10 the metallic CuNi peaks increase again at 
300°C while the oxide peaks decrease again. It seems that it is critical to determine the reduction state 
of the Cu in the sample during the reaction. In order to probe the reduction state of the Cu, energy 
electron loss spectra were taken during the reaction. Looking at the diffraction pattern in Figure 5.9 
there are still discrete spots visible indicating that preferred orientations for the crystals exist. The 
sample is not a complete powder sample, so a quantitative analysis of the diffraction pattern is not 
feasible. 
In the CuNi sample, the electron energy-loss spectrum of the Cu core loss edge is sensitive to changes in 
the oxidation state of Cu (see chapter 4 and 6). Energy-loss spectra were obtained in the range between 
the reaction temperature of 200°C and 275°C as well as in room temperature before and after the 
exposure to the reactive gas of H2 and CO. The sample was directly reduced from the nitrate salt in 
1.3mbar H2 atmosphere at 350°C. After that, the sample was cooled down to the optimal reaction 
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temperature of 200°C before being exposed to the reactive gas of 50% H2 and 50% CO at a pressure of 
4.0mbar. The concentration of H2 was lower than the optimum for the methanol reaction, but this was 
to keep the pressure around the sample low and a flow of 2ml/min is the minimum adjustable above 0. 
Figure 5.11 shows these spectra. 
 
Figure 5.11: EELS spectra for CuNi when being exposed to 4.0mbar of reactive gas 
consisting of 50%H2 and 50%CO. The sample was reduced in 1.3mbar H2 
from the nitrate salts at room temperature up to 350°C. After that the 
sample was cooled down to 200°C and exposed to the reactive gas. The 
temperature was increased to 225°C before being cooled down to room 
temperature and brought to vacuum again. The L3-edges of Ni and Cu are 
marked as well as the height of the white lines at the Cu L3 edge. 
Comparing the energy-loss spectra at room temperature and at 200°C in Figure 5.11 there is a reduction 
to Cu0 from Cu2+ visible as the white lines at 931eV at the Cu edge disappear partly. This is already visible 
during the synthesis of the catalyst described in chapter 4, but when being exposed to the reactive gas 
the reduction is going on further. The gas mixture of CO and H2 is also even more reducing than H2 
alone. After cooling down and exposing the sample to vacuum again, the Cu2+ white lines are 
reappearing, indicating that this process is at least partly reversible. This should not happen in absolute 
vacuum but the high vacuum system still leaves residual gases in the system that can provide enough 
gas to induce this reoxidation. The further advancing reduction is consistent with the crystallographic 
data from the in-situ XRD in Figure 5.1, where the peaks corresponding to the oxide phases decrease 
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during reaction conditions. But the EELS data in Figure 5.11 also shows that the catalyst is in a fully 
reduced state during the reaction while it already oxidizes partly when being exposed to high vacuum 
again. An investigation of a sample that was exposed to reaction conditions in the laboratory and 
afterwards investigated in the TEM would only show the partly reduced state and not that the actual 
state during the reaction is different to the one after the synthesis shown in Figure 4.15. Only the in-situ 
investigation in reaction gas atmosphere reveals that the CuNi is getting more reduced in CO and H2. 
This also gives one explanation why a gas mixture of CO2 and H2 is lowering the catalytic activity as 
mentioned in chapter 2. In contrast to CO, CO2 is not reducing but oxidizing. The additional reduction 
effect will therefore not take place here in this gas mixture and the amount of the reduced CuNi phase 
present in the sample is lower hence the catalytic activity is lower besides any further changes in 
reaction kinetics. 
Both results for the NiGa and the CuNi systems show that the ETEM results are similar to the ones 
obtained from the in-situ XRD. For CuNi it is essential to use EELS in order to determine the state the 
sample during reaction. The low surface area SiO2 membrane and the different particle size distribution 
does not seem to influence the results of phase changes during the reaction and ageing process with the 
investigations made in the ETEM as they agree especially for NiGa quite well with the XRD results 
obtained with samples made on the high surface area silica support. The changes influenced by the 
microscope, especially the electron beam itself will be discussed in the following chapter. 
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Chapter 6: Electron beam induced effects investigated through the 
reduction of CuNi 
A sample in the TEM is not only affected by the gas molecules around the sample but the thermal 
energy applied through the sample holder but also locally by the probing electron beam itself. As 
discussed in chapter 3.5 the beam alters the material by knock-on damage and radiolysis but also by 
heating up the illuminated area locally. For the catalysts discussed in this thesis, especially the SiO2 will 
be affected by radiolysis while all parts will suffer an additional heat intake under electron irradiation 
together with the heat that is being transmitted from the heating holder. The temperature will 
therefore be locally higher than the temperature measured at the holder. The aim of this chapter is to 
investigate this beam induced effects and determine how strong the influence of the electron beam is 
on the synthesis of the nanoparticles. A good measure for that is to determine how much the Cu in the 
CuNi sample discussed in the chapters 4 and 5 will be reduced by the electron beam depending on the 
beam current density and the applied temperature to the system by heating through the TEM-holder. It 
is also known from chapter 4, that a spectroscopic method like EELS is suitable to probe these changes. 
Since the silica support also consists of oxygen, it is not possible to measure the Cu oxidation state 
reliably by probing the oxygen edge directly, because the part of the oxygen that is bound in the support 
and in the catalytic nanoparticles cannot be easily separated. The Cu core loss edge, however, reveals 
easily visible changes as Cu has an almost filled 3d shell. In Cu2+ there is a preferential excitation 
absorption which results in threshold peaks at the onset of the Cu edges, so called white lines in the 
energy loss spectrum. In the metallic Cu these white lines are not present (chapter4 and EGGERTON2009). An 
example of both Cu2+ and Cu0 is shown in Figure 6.1. The white lines at the onset of the edges are 
marked.  
 
Figure 6.1: EELS spectra of the Cu edge both for Cu2+ (a) ) and metallic Cu (b) ). For Cu2+ the 
characteristic white lines are marked. 
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A set of additional EELS experiments was performed on the CuNi system to study the beam induced 
reduction of Cu2+. This system has a lower alloying temperature than NiGa and the additional heat 
should have a greater effect impact on phase changes. 
6.1 Experiment 
For this experiment, a sample of Cu and Ni nitride salts was used, prepared in the same way as described 
in chapter 4. The nitrate salts were mixed in the desired ratio (Cu:Ni was 2:1) and dissolved in deionized 
water. This solution was dripped onto a TEM grid with a SiO2 membrane. From previous experiments 
carried out with the ETEM and the in-situ XRD and described in chapter 4 and 5 it is known that in H2 
atmosphere and at elevated temperatures this salt mixture reduces and forms CuNi alloy nanoparticles. 
This happens at around 250°C when the sample is not being irradiated by the electron beam. This means 
that if there were no beam induced effects the sample should reveal no reduction at 100°C and a full 
reduction at 300°C. Therefore the experiment was performed by irradiating the sample by the electron 
beam at three different beam current densities of 45A/m², 323A/m² and 2500A/m² and at temperatures 
of 100°C, 200°C, and 300°C all in 1.3mbar H2. 
The EELS data is used to probe the oxidation state of the Cu over time while the area is being irradiated 
by the electron beam. Therefore, a series of EELS spectra each in the range of about 730eV to 1130eV 
was recorded for every temperature step and every beam current density step over a period of 32 
minutes for each EELS series. This gives in total 9 EELS series. Additionally, TEM brightfield micrographs 
were recorded to monitor the formation of nanoparticles from the nitrate salt precursors. All the 
experiments were carried out on one sample with increasing temperature steps while varying the beam 
current density for each step. The procedure of the experiment is shown schematically in Figure 6.2. 
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Figure 6.2: Schematic of the procedure of the experiment to obtain the time resolved energy 
loss spectra. To perform the data analysis, two reference spectra of the fully 
oxidized and the fully reduce state have been obtained as well. 
The main objective is to systematically obtain 9 stacks of EELS data for the 3 temperatures and 3 beam 
current densities. The whole set of experiments is done on one sample but at different positions for 
each stack of EELS data. The sample reacts on the temperature and the reducing atmosphere alone and 
this is not reversible, so the desired temperature is set first and then the beam current density is varied 
while the temperature is kept constant. The beam current density was measured by the built in current 
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meter of the TEM. The thermal drift and the fact that the sample should be in the equilibrium state for 
the given temperature set at the holder requires a resting time of at least 20min. Otherwise the heat 
effect from the holder might still induce changes in the first acquired set of energy loss spectra while it 
has reached equilibrium for the last one. Additionally, in order to be able to perform a Multiple Linear 
Least Squares fit (MLLS fit) two reference spectra were acquired before heating up the sample or 
exposing it to gas to probe the fully oxidized state and at a temperature of 350°C in 1.3mbar H2 where 
the sample is known to be fully reduced shown by XRD data in chapter 3. Depending on the beam 
current density, the exposure time of the single EELS spectra was set to either 11s or 15s. The number of 
recorded images varies according to the exposure time either 110 or 150 spectra per series to achieve a 
total recorded time of about 32min per series including the read out time of the camera. The spectra 
were saved as a stack of raw images from the GIF CCD, however, only the part illuminated in EELS mode 
was saved to achieve a smaller file. Figure 6.3 shows one of these images. 
 
Figure 6.3: Example of one obtained EELS image from the time resolved stack. There are 
features of the Ni and Cu edge already visible, which are used for the data 
analysis. The exposure time was depending on the beam current density either 
11 or 15 seconds. 
6.2 Data analysis 
From the experimental procedure shown in Figure 6.2 the stack of EELS data is used to derive a time 
resolved estimate of the Cu and Cu2+ ratio. The data processing procedure is schematically shown in 
Figure 6.4. 
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Figure 6.4: Schematic drawing of the data analysis. The stack of EELS spectra will be 
projected, aligned, background subtracted and fitted to a linear combination of a 
fully oxidized and a fully reduced reference spectrum to obtain fitting 
coefficients which after normalization show the Cu/Cu2+ ratio evolution over 
time for a given temperature and beam current density. 
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By projecting the EELS stack indicated in Figure 6.3, onto its y-axis, an energy-time resolved spectrum is 
generated. An example of this raw data is shown in Figure 6.5. 
 
Figure 6.5: Projection of the stack of EELS images onto the y-axis indicated in Figure 6.3. 
Each line represents one EEL spectrum. With the projection, the Ni and Cu edge 
features become more visible. 
Due to energy drift in the image filter, the energy axis shifts over time as observed in Figure 6.4 at the Ni 
and Cu edges. Therefore the different spectra have to be aligned. As the spectra all range from 730eV to 
1130eV it covers the core loss region of both Cu and Ni L-edges. The relatively sharp Ni edge can be used 
to align the spectra. Figure 6.6 shows that the Ni L-edges with the threshold onset do not change 
severely in H2 atmosphere and at elevated temperatures of 300°C. 
 
Figure 6.6: EELS data of CuNi nitride salts at room temperature in high vacuum and in 
1.3mbar of H2 atmosphere at 300°C. The Ni L-edges are marked. 
The alignment is done automatically by identifying the Ni L3 threshold peak in the energy region and 
aligning the area around these local maxima with a window of 6eV. Figure 6.7 shows an example 
spectrum (6.7 a) ) and the aligned stack (6.7 b) ). Both for Cu and Ni the peaks in the reduced and the 
oxidized state are slightly shifted. But the important point for the linear combination fit is the difference 
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between the Ni and the Cu peak. All the reference spectra are aligned to the Ni peak. Therefore all the 
other spectra will also be aligned to the Ni peak to be at 855eV and all the shift due to the reduction will 
be in the difference towards the Cu edge. 
 
Figure 6.7: a) Example of an extracted EELS data. The Ni L-edges with a threshold peak at 
855eV was used to align the spectra in the stack so that the edges of Ni are 
always positioned at the same energy value. The Ni edge was also used for 
calibration of the energy axis. b) shows the aligned stack and the marked 
beginning of the Ni and Cu L-edges. 
To obtain the Cu to Cu2+ ratio and thereby determine the beam-induced reduction of Cu, a multiple 
linear least squares fit (MLLS fit) is performed to deconvolute overlapping spectra. Each recorded 
spectrum is in principle a linear combination of a Cu and a Cu2+ EEL spectrum. From the same sample, an 
EEL spectrum of the sample in the non reduced state at room temperature and high vacuum as well as 
the well reduced state at 350°C and 1.3mbars of H2 atmosphere was recorded. Figure 6.1 a) and b) show 
the recorded reference spectra. 
The reference spectra are background subtracted with a power law fitting to the Cu core loss L edges at 
931 eV and normalized to the value of 1 for the maximum intensity in each spectrum. Each spectrum in 
the acquired time-series stack is background subtracted with a fit to the Cu L-edges as well. Figure 6.8 
shows the subtracted stack. 
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Figure 6.8: Aligned, calibrated and background subtracted stack so that only the Cu edge is 
revealed. This edge is used for the MLLS fit with the reference spectra from 
Figure 6.1. 
The MLLS fit resembles each of the spectra in the stack with a linear combination of the reference 
spectra to obtain a solution to the equation: 
 ܫ௦௣௘௖௧௥௨௠ ൌ ܽ஼௨ · ܫ஼௨ ൅ ܽ஼௨మశ · ܫ஼௨మశ , (6.1) 
where ܫ௦௣௘௖௧௥௨௠ is the intensity of a given EELS spectrum and ܫ஼௨,  ܫ஼௨మశ  are the intensities of the Cu and 
Cu2+ reference spectra. From the coefficients ܽ஼௨ and ܽ஼௨మశ an estimate of the Cu and Cu2+ content can 
be obtained. The spectrum coefficients are normalized according to: 
 aC୳ ൅ aC୳మశ ൌ 1 (6.2) 
With this normalization, the coefficients give the ratio of Cu and Cu2+ and therefore also the content of 
each. This normalization is made with the assumption that there is only Cu and Cu2+ present as a Cu 
species in sample. Any partly reduction is included in the ratio of ܽ஼௨ and ܽ஼௨మశ. 
6.3 Results 
With the normalized coefficients ܽ஼௨ and ܽ஼௨మశ that resemble the Cu and Cu2+ ratio in the illuminated 
area, a time resolved reduction diagram is created by plotting the normalized coefficients over the 
elapsed time and for each beam current density. Figure 6.9 shows this evolution for a beam current 
density of 2500A/m². 
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Figure 6.9: Normalized coefficients and concentration estimates of Cu2+ and reduced Cu 
extracted out from stacks of EELS data for a beam current density of 2500A/m² 
and temperatures of 100°C, 200°C and 300°C. As a control experiment, an 
irradiation of the sample at 100°C in vacuum has been performed revealing no 
changes in the sample due to Cu2+ reduction. 
From Figure 6.9, beam induced changes are visible. In high vacuum conditions at 100°C the Cu/Cu2+ ratio 
stays constant over time. The sample has a high Cu2+ content in the beginning and stays almost 
completely oxidized. The fact that the MLLS fit still shows a value of ܽ஼௨ ൐ 0 suggests that this amount 
can be used as an error estimate. For a Cu content of less than 10% the fit becomes inaccurate. When 
the sample is in 1.3mbar H2 atmosphere, a decrease of Cu
2+ from ca. 85% to 65% occurs over a time of 
30min while the Cu content increases accordingly from 15% to 35%. At 200°C, this decrease of Cu2+ is 
even stronger. From the beginning Cu2+ has a lower initial content of 65% and decreases to 25% while Cu 
increases from 35% to 75% again over 30min time period. At 300°C there is already a reduction due to 
the temperature applied through the holder present as the Cu2+ content is only 20%. It is further 
reduced by the electron beam as the Cu2+ changes from 20% to 10% while Cu increases from 80% to 
90%. 
In addition to the reduction derived from the spectroscopic data there is also a nanoparticle formation 
visible when examining the bright field overview images. Figure 6.10 shows micrographs before and 
after beam irradiation for a) 100°C, b) 200°C and c) 300°C. 
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Figure 6.10: Nanoparticle formation after beam irradiation for a beam current density of 
2500A/m² at a temperature of a) 100°C, b) 200°C and c) 300°C in H2 
atmosphere. The micrographs before and after irradiation were acquired ca. 
35min apart. For each temperature, examples of changes are marked with red 
circles. 
At 100°C, there are no initial particles present and the electron beam only slightly changes the salt 
structure making the bubbles in the salt precursor a bit finer (see marking in Figure 6.10 a) ). At 200°C, 
the salt has already begun to agglomerate and reduce to form some nanoparticles (see red circles in 
Figure 6.10b) ). The number of nanoparticles increases significantly and the whole area shows 
nanoparticle formation. Especially at 200°C, right under the expected alloying threshold of 250°C (for 
the non illuminated area, see chapter 4), the effect is clearly visible. The metallic Cu content also 
increases in this temperature range revealing a clear beam effect on the reduction. After 22min there is, 
however, a saturation after which the reduction does not increase while at 100°C this was still ongoing 
over 30min, however still only reaching a lower content of Cu. Both the nanoparticle presence in the 
bright field images and the EELS extracted reduction coefficients show that at 300°C, the reduction is 
already advanced. In the bright field image, there is only a slight change in a crack visible due to 
expansion of the whole substrate. This means there is a certain beam induced effect but the 
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temperature is already above the one needed for reduction, which is why the effect in these images is 
not visible. There is no change in shape and size of the nanoparticles at the magnification in Figure 6.10 
visible. The EELS coefficients still show a slight increase in the reduced Cu content. 
From the coefficients it is possible to determine the time in which the sample does not get significantly 
reduced by the electron beam. From the EELS series at 100°C in high vacuum the error margin can be 
estimated with 10%. Therefore the time where the electron beam does not significantly reduce the 
sample is the time it takes to reduce sample from the initial reduction state due to the holder 
temperature 10% further. The EELS data set most influenced by the electron beam is the one at 200°C. 
In this set the total time that passes until 10% of the Cu2+ is reduced is 6 min. The time, that can be 
allowed to take micrographs from an area without altering the material too much, lays therefore around 
6 min. The images in chapter 4 and 5 were taken with a shorter exposure time to the electron beam of a 
certain sample area and the beam current density here is higher than what is used to image the CuNi in 
chapter 4 and 5. Furthermore the beam current density of 2500A/m² is also higher. In order to explore 
how the reduction of the Cu is dependent on the beam current density. The experiment was done with 
one and two orders of magnitude less in beam current density. 
Figure 6.11 reveals changes at a beam current density of 45A/m². 
 
Figure 6.11: Normalized coefficients and concentration estimates of Cu2+ and reduced Cu 
extracted from the stacks of EELS spectra for a beam current density of 
45A/m² and temperatures of 100°C, 200°C and 300°C. 
Even though the beam current density is reduced by 2 orders of magnitude, the reduction appears 
stronger at 100°C compared to the one with 2500A/m² with a Cu2+ content of 85% reduced down to 
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60%. The other plots for 200°C and 300°C are more scattered than for 2500A/m² because the reduced 
intensity of the incoming beam also reduces the signal intensity. These plots, however, show the same 
behavior as for 2500A/m². At 200°C Cu2+ gets reduced from 65% initial value to 25%, so again already 
from a lower level than 100°C but also further down, while at 300°C most of the Cu2+ is already reduced 
(80%). Because of the scattering, it is not safe to say if there is a further reduction during illumination. 
Comparing that with the results from the high beam current density in Figure 6.9 it seems that there is 
always a reduction effect present when the sample is illuminated by the electron beam, like a threshold 
that triggers the effect already at low beam current density. Such a threshold effect has been reported 
by others on different systems before (SU AND SCHLÖGL2002 and PAN ET AL. 2010). The major factors to prevent 
the sample from being reduced are time and temperature applied. The latter is essential to mimic the 
reaction and synthesis conditions for the catalyst and start reactions so the time of illumination has to 
be kept short for each individual area of illumination. 
Comparing the reduction at 200°C for 2500A/m² and 45A/m², the reduction for the lower beam current 
density occurs slightly faster. For 2500A/m², the 50% reduction mark is passed after 16min, while for 
45A/m² this is reached already after 12min. This can be due to the fact that the set of energy loss 
spectra for 2500A/m² was obtained after the one for 45A/m². Therefore the outer temperature applied 
by the heating holder had more time to settle and create a more advanced reduction. This is visible as 
the initial reduction values for 45A/m² lay higher than for 2500A/m². The applied resting time, however, 
suggests that this might also be due to a different local heat conductivity as one of the irradiated areas 
was located close to a TEM-gridbar.  
The nanoparticle presence and formation in the bright field images in Figure 6.12 a) at 100°C for 45A/m² 
revealed some differences to the ones observed at 2500A/m². 
6. Electron beam induced effects investigated through the reduction of CuNi 
- 85 - 
 
Figure 6.12: Nanoparticle formation after beam irradiation for a beam current density of 
45A/m² at a temperature of a) 100°C, b) 200°C and c) 300°C. The micrographs 
before and after irradiation were acquired ca. 35min apart. For each 
temperature, examples of changes are marked with red circles. 
From the initial state with the salt precursors and no nanoparticles present there is a significant 
formation around the ring of higher salt concentration (red circle in Figure 6.12 a) ). The reason for that 
might be, that this illuminated area is thinner and less covered with salt than the one used for 2500A/m² 
in fig 6.10a). The salt would be more exposed to the electron beam so that a larger percentage of it is 
getting reduced. The bright field images for 200°C (Figure 6.12 b) ) and 300°C (Figure 6.12 c) ) of 45A/m² 
look similar to the ones taken after an irradiation of 2500A/m² for 32 min. While at 200°C there is initial 
particle occurrence which increase and become larger (red circles in Figure 6.12 b) ), the formation of 
the nanoparticles at 300°C already happened and they neither increase in size nor change shape. 
For the estimate of the time that can be allowed without altering the sample, the reduction at 45A/m² 
does not reveal a longer time buffer. In fact, looking at 100°C the reduction seems quicker, so that the 
value of 6min for an illumination without significant changes to the sample can be applied here as well. 
The fact that the time that is needed for inducing changes in the sample does not change with the beam 
current density indicates that there is a threshold value above the reduction takes place and that this 
threshold is already reached at a beam current density of 45A/m². 
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As a third test a beam current density of 323A/m² was used which is close to the one used for imaging 
the CuNi synthesis and testing in the ETEM. Even though applied to the same sample and similar areas 
as for the two other beam current densities before, Figure 6.13 shows a much lower reduction for all 
temperatures.  
 
Figure 6.13: Normalized coefficients and concentration estimates of Cu2+ and reduced Cu 
extracted out of the stacks of EELS spectra for a beam current density of 
323A/m² and temperatures of 100°C, 200°C and 300°C. 
The initial behavior of a nearly completely oxidized state at 100°C, a slight initial reduction at 200°C and 
a strongly reduced state at 300°C is also present here, but the slope changes much less and also later 
than for both the higher and lower beam current density. Especially at 200°C it rather seems as the Cu2+ 
was increasing. This is most likely due to problems with the fitting as the background level in this stack 
was a lot higher than for all the others. The scattering spread is larger as for 2500A/m² but lower as for 
45A/m², which is consistent with the lower total counts with lower beam current density. 
The bright field images for 323A/m² are revealing a similar behavior to what was investigated at 45A/m² 
in Figure 6.12. Figure 6.14 shows the nanoparticle formation after beam irradiation for 323A/m². 
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Figure 6.14: Nanoparticle formation after beam irradiation for a beam current density of 
323A/m² at a temperature of a) 100°C, b) 200°C and c) 300°C. The 
micrographs before and after irradiation were taken ca. 35min apart. For each 
temperature, examples of changes are marked with red circles. 
From the pure salt at 100°C there is already some particle formation visible after the area was irradiated 
by the electron beam for ca. 32 min (marked by red circles in Figure 6.14a) ). At 200°C there is again a 
more distinct particle formation but this time it seems as if the initial state in this area is less pre-
reduced as for the other beam current densities in Figure 6.10 and Figure 6.12. This might also be an 
explanation for the non observable reduction in the coefficients in Figure 6.13. At 300°C there is again 
the already advanced state of reduction which does not show any changes at this magnification. 
From this investigation it can be concluded that the electron beam has a visible effect both in the EELS 
data and the bright field images. It shows the time resolved EELS data to be a good method to probe 
reduction in the CuNi system. It is therefore important to take this beam effect into account when using 
the TEM in making assumptions at which temperature changes in the investigated systems occur. But it 
also reveals that for illumination times of less than 6 minutes a significant reduction of the sample of 
more than 10% Cu2+ to metallic Cu can be avoided. This was long enough to derive information from the 
TEM images in chapter 4 and 5 as frequent changes in the region of interest were performed especially 
for the CuNi system. Reducing the beam current density does not alter the reduction effect significantly. 
The process seems to be governed by a threshold value that is above the 45A/m² used as a minimum 
value to investigate the Cu reduction because there is no apparent direct scaling between beam current 
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density and the reduction rate of Cu2+. Decreasing the beam current density even further to get below 
the threshold value will be a solution, although it will strongly decrease the signal to noise ratio in the 
data. More efficient detectors are needed when dynamical phenomena is of interest as the acquisition 
time has to be kept relatively short as well. To fully address the effect of the beam current density more 
parameters have to be considered. The heat transfer from the electron beam irradiated area is a major 
factor when trying to estimate the electron beam induced temperature increment (GRYAZNOV ET AL.1991, 
TOKUNAGA ET AL.2012, WAGNER ET AL.2006). The distance from the irradiated area to the grid bars at the TEM grid 
is of great importance as this will influence both heat transfer and charge transfer from the irradiated 
area. The amount of sample (the thickness) will influence the result both via the heat transfer and the 
volume exposed to the reactive gas. Ionization of the gas surrounding the sample in the ETEM is 
something to take into account as well. 
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Chapter 7: Summary and outlook 
This chapter summarizes the discussions from the previous chapters and gives an outlook about open 
questions and further work that could be done in this project. 
Two catalytic systems for the methanol synthesis have been investigated: NiGa and CuNi. For the NiGa 
system it could be shown that nanoparticles made of an alloy of Ni5Ga3 are formed. The low surface area 
silica support used to image the system showed similar results than the in-situ XRD, however, direct 
observation of the nanoparticles with single particle EELS and HRTEM could be made confirming that the 
major phase of these particles is in fact Ni5Ga3. One of the major challenges for the NiGa sample is to 
prevent deactivation. Rapid ageing experiments have suggested that there is a phase change to the 
Ni3Ga phase but further work is needed to identify if the deactivation mechanism is due to this phase 
change. Catalytic testing has revealed some deactivation and work from Gardini (GARDINI2012) suggests 
that there could be a carbon deposition around the catalyst but this remains yet to be proven. An 
alternative is to combine different alloys like PdGa which shows promising results having the same 
activity than NiGa but lower deactivation during catalytic testing. 
For the CuNi system ETEM could provide vital inside into the alloying formation because it combines 
investigation by diffraction and spectroscopic methods. Single particle EELS revealed that there is in fact 
a CuNi alloy formed, something that could not be revealed by XRD due to the Scherrer broadening of the 
peaks therein. During reaction testing it was shown that there was a further reduction at the CuNi 
system as long as it was exposed to the reactive gas. It partly reoxidized after being in vacuum again. 
Further investigation could be done to probe if there are any deactivation effects occurring even at 
higher temperatures. This has not been the case in the ETEM investigation but time might be an 
important factor here, even when the use of the rapid ageing methods can cut down the time needed to 
reveal changes due to deactivation. 
Another point of the investigation in this work is the influence of the electron beam on the samples. By 
exposing a sample of CuNi to the electron beam and acquiring time resolved electron energy loss 
spectra it was possible to monitor the reduction of Cu2+ under the electron beam for different 
temperatures. The electron beam clearly has an influence and it is therefore important to keep possible 
alterations by the electron beam in mind when interpreting electron micrographs. Reducing the electron 
beam does not change the effect significantly. It is more of a threshold value that, however, lays at a 
very low level of beam current density which is not feasible for high resolution electron imaging. A 
better way to limit the electron beam influence is to keep the total illumination time of a specific area in 
the sample low. A quantitative analysis of the Cu2+ reduction showed that independent of the beam 
current density a total illumination time of 6 min could be allowed before any significant changes in the 
oxidation state of the Cu occurred. 
Beam induced effects have been studied on another model system, which was published by WAGNER ET AL. 
2012. Au on MgO was irradiated by the electron beam in water vapor atmosphere in order to study the 
interaction of the support and the metal nanoparticles under the influence of the electron beam. Au 
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nanoparticles can be a used as a catalyst for the CO oxidation but they only become active under a size 
limit of a few nm. The sample was prepared by catching MgO smoke particles directly in a TEM grid. The 
Au was applied through sputter coating with duration of one second. When being irradiated by the 
electron beam the MgO grows nanorods at the sites where there are Au nanoparticles present This is 
governed by the water vapor pressure left around the sample and the beam current density. Figure 7.1 
shows an example of the nanorod growth for different residual water vapor pressures and different 
beam current densities. 
 
Figure 7.1: TEM images of Au on MgO nanocube smoke particles. The image are stills 
extracted from movies acquired at a dose rate of 10-14A/nm² and 10-
15A/nm² and at pressures of 10-7mbar and 10-6mbar. The samples were 
exposed for approximately 30min each. The scale bar is 5 nm. The images 
were acquired at an FEI Titan 80-300 ETEM at 300kV. 
In the bottom right of Figure 7.1 there is the growth of nanorods clearly visible. A higher pressure water 
vapor pressure and a higher beam current density have a positive effect on the growth of the nanorods. 
With this model system it is possible to study the beam induced effect in more detail as the ETEM also 
allows the acquisition of images every second or even faster. It is also possible to see how the nanorods 
grow and how the Au particle behaves during this growth process. 
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